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En esta sinopsis pretendemos dar una visión global de la presente tesis por 
compendio de publicaciones, con una estructura argumental lógica, 
dividiéndola en siete puntos fundamentales: 
 
1.- El ejercicio físico agotador produce radicales libres que están implicados 
en el daño muscular y renal en deportes individuales (maratón, ciclismo, 
halterofilia). Hace algo más de medio siglo que se comprobó que el músculo 
esquelético contiene radicales libres [1]. Existen evidencias de que la 
actividad muscular intensa puede desembocar en un estrés oxidativo que se 
manifiesta en un aumento en la oxidación del glutatión, oxidación de 
proteínas, oxidación del DNA y lipoperoxidación [2,3]. En el laboratorio del 
Dr. Viña se demostró en 1992 que el ejercicio físico cuando se realiza hasta 
el agotamiento causa estrés oxidativo. En este sentido encontramos una 
correlación lineal entre el cociente glutatión oxidado y reducido y el 
cociente lactato-piruvato [4].  Este trabajo dio paso a una serie de 
publicaciones en las que, utilizando distintos modelos experimentales, estos 
resultados han sido confirmados  [5,6].  
 
2.- Existen diversas fuentes de radicales libres en el músculo esquelético. 
Nuestro grupo de investigación ha estudiado durante años el papel de la 
enzima xantina oxidasa (XO).  La XO utiliza el oxígeno molecular lo que 
implica un aumento de la producción de radical superóxido [7]. Este 
incremento podría estar relacionado con el daño muscular asociado al 
ejercicio físico agotador. El alopurinol es un inhibidor conocido de la XO. 
En experimentos tanto en humanos [8,9] como  en animales [10] nuestro 





oxidación del glutatión, oxidación de proteínas y la lipoperoxidación 
asociada al agotamiento. En unos experimentos que llevamos a cabo en 
ciclistas profesionales, durante dos ediciones consecutivas del Tour de 
Francia, encontramos que la administración oral de una dosis diaria de 300 
mg de alopurinol  previno el aumento en la actividad de la creatin quinasa y 
de la aspartato amino transferasa en plasma (marcadores de daño muscular) 
únicamente en la etapa en la que todos los miembros del equipo se 
ejercitaron a la máxima intensidad durante un tiempo superior a 1 hora [3]. 
Del mismo modo encontramos un aumento en los niveles plasmáticos de 
MDA en todos los participantes al acabar la carrera, sin embargo este 
incremento fue significativamente mayor  en el grupo placebo cuando se 
comparó con el grupo alopurinol. Estos resultados sugieren que la XO está 
implicada en el daño muscular asociado a la realización de ejercicio físico 
agotador.  
 
3.- Tras lo anteriormente expuesto, nos planteamos estudiar el papel de la 
enzima XO en el daño oxidativo, músculo-esquelético y cardiovascular en 
un deporte de equipo (fútbol) mediante la determinación de diversos 
biomarcadores clásicos de daño oxidativo, muscular y cardiaco como MDA, 
CK, LDH, AST, mioglobina, CK-MB y Hs-TnT [11],  así como testar las 
modificaciones que se producen en nuevos biomarcadores cardiovasculares 
como son: copeptina, MD-proADM, GDF15, PIGF, sVEGFR1/sFLT1 y 
suPAR [12,13], antes y después de un partido. 
 
4.- El ejercicio agotador produce daño tisular, y esto lo hemos querido 





sobre nuevos biomarcadores de daño cardiovascular y renal en atletas antes 
y después de una ultramaratón de 100 Km [14,15].  
 
5.- Sin embargo, el entrenamiento deportivo se asocia a efectos 
beneficiosos, favoreciendo el envejecimiento saludable y la longevidad, 
aparte de otros muchos efectos sobre la salud [16,17]. Para clarificar estos 
hechos hemos analizado las implicaciones del ejercicio físico de alta 
intensidad sobre la longevidad en sujetos entrenados, utilizando como 
modelo los ciclistas participantes en el Tour de Francia entre los años 1930-
1964 [18]. 
 
6.- Por otra parte, una de las bases del envejecimiento saludable es el 
mantenimiento de la mitocondriogénesis en el músculo-esquelético, lo que 
se asocia con la prevención de la sarcopenia [19-21] y justifica la 
prescripción del ejercicio en sujetos de edad avanzada [22]. 
 
7.- Finalmente, aunque el ejercicio se asocia al mantenimiento de la 
mitocondriogénesis en jóvenes, en viejos no encontramos una buena 
respuesta de PGC-1 [23], por lo que consideramos que si el ejercicio se 
empieza en edades avanzadas, cuando el sujeto/animal ya es mayor, se 
pierden parte de sus efectos beneficiosos. Es por esto por lo que hemos 
dedicado el último bloque de la presente tesis doctoral al estudio del  papel 
del entrenamiento aeróbico en la inducción de la cascada de la biogénesis 
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2.1. EJERCICIO FÍSICO Y ADMINISTRACIÓN DE ALOPURINOL 
SOBRE BIOMARCADORES MUSCULARES Y CARDIOVASCULARES. 
 
Hace algo más de medio siglo que se comprobó que el músculo-esquelético 
produce radicales libres (RLs) [1]. Existen evidencias de que la actividad muscular 
intensa puede desembocar en un estrés oxidativo (EO) que se manifiesta en un 
aumento en la oxidación del glutatión así como en la oxidación de proteínas, 
lípidos y DNA [2,3]. En 1992 se demostró en nuestro laboratorio que el ejercicio 
físico, cuando se realiza hasta el agotamiento, causa EO. En este sentido 
encontramos una correlación lineal entre el cociente glutatión oxidado y reducido y 
el cociente lactato-piruvato [4].  Este trabajo dio paso a una serie de publicaciones 
en las que dichos resultados, utilizando distintos modelos experimentales, se 
confirmaron  [5,6]. 
Existen diversas fuentes de RLs en el músculo-esquelético. Nuestro grupo de 
investigación ha estudiado durante años el papel de la enzima xantina oxidasa 
(XO).  La XO y la xantina deshidrogenada (XDH) son isoenzimas de la xantina 
óxido-reductasa (XOR). La XO se encuentra en las células del músculo liso de la 
pared de los vasos y en las células endoteliales en el músculo-esquelético. La 
conversión de la XDH a XO es posible vía proteasas vasculares. La hipoxantina se 
forma en el músculo durante el ejercicio físico intenso o en las últimas fases del 
ejercicio físico de muy larga duración. Al ser tan permeable atraviesa la membrana 
celular con gran facilidad. La hipoxantina es el sustrato de la XOR. La XOR 
cataliza el paso de hipoxantina a xantina y de ésta a ácido úrico. Mientras que la 
XDH transfiere de forma preferente los electrones resultantes de la oxidación al 





producción de radical superóxido [7].  Este incremento podría estar relacionado 
con el daño muscular asociado al ejercicio físico agotador.  
El alopurinol es un análogo estructural de la base púrica hipoxantina y un inhibidor 
conocido de la XO. En experimentos tanto en humanos [8,9] como  en animales 
[10] nuestro grupo de investigación ha demostrado que el alopurinol previene la 
oxidación del glutatión, oxidación de proteínas y la lipoperoxidación asociada al 
agotamiento.  Del mismo modo y en unos experimentos que llevamos a cabo en 
ciclistas profesionales, durante dos ediciones consecutivas del Tour de Francia 
(TdF), encontramos que la administración oral de una dosis diaria de 300 mg de 
alopurinol  previno el aumento en la actividad de la creatin quinasa (CK) y de la 
aspartato amino transferasa (AST) en plasma (marcadores de daño muscular) en la 
etapa en la que todos los miembros del equipo se ejercitaron a la máxima 
intensidad durante un tiempo superior a 1 hora [3] (Ver Figura 1). Del mismo 
modo encontramos un aumento en los niveles plasmáticos de MDA en todos los 
participantes al acabar la carrera, sin embargo este incremento fue 
significativamente mayor  en el grupo placebo cuando se comparó con el grupo 
alopurinol. Estos resultados sugieren que la XO está implicada en el daño muscular 













Figura 1. Valores de las medias de actividad CK y GOT. Grupo control (n=5), grupo alopurinol 
(n=4). La comparación de las medias se realizó utilizando un análisis de varianza de medidas 
repetidas. El valor de la p se determinó utilizando el test de Scheffe de comparaciones múltiples.  La 






Estos datos los hemos confirmado en un estudio posterior en el que trabajamos con 
corredores de maratón que participaron en la Maratón de Valencia. En este caso 
encontramos un aumento significativo en los niveles  de MDA plasmático tras la 
realización de la prueba y que fue prevenida con la administración de alopurinol 
[24]. Además, nuestro grupo ha demostrado muy recientemente que la inhibición 
de la actividad XO por medio de la administración de alopurinol previene la atrofia 
muscular al inhibir la vía p38 MAPK-MAFbx, y por tanto puede tener beneficios 
clínicos como son combatir la atrofia muscular en pacientes encamados, 
sarcopénicos o caquéxicos [25].   
El ejercicio físico, sobre todo el excéntrico, puede llegar a provocar daño muscular  
[26,27]. Una excesiva tensión en el sarcómero es la principal causa de la lesión 
muscular por una disrupción de las membranas que permite la hidrólisis de 
proteínas estructurales, provocando la desestructuración miofibrilar que se observa 
habitualmente [28]. Posteriormente aparece el fenómeno de la inflamación que  
ayuda a degradar y reparar el tejido. El deporte del fútbol presenta un elevado 
componente excéntrico durante su práctica. Dada la elevada acumulación de 
partidos en aquellos equipos que disputan varias competiciones durante el año 
(Liga Española, Ligas Europeas, Copa del Rey etc.) el daño muscular sufrido por 
los jugadores puede tener consecuencias muy negativas sobre la incidencia de 
lesiones entre los futbolistas de los primeros equipos. 
El ejercicio físico se recomienda para prevenir una amplio número de 
enfermedades crónicas tales como enfermedades cardiovasculares, cáncer, 
osteoporosis o diabetes [17]. También se ha demostrado que el ejercicio de 
resistencia mejora la esperanza de vida [18,29]. Sin embargo, como hemos 
comentado anteriormente, el ejercicio físico intenso puede generar RLs, vía XO, 
que pueden causar daño muscular [4].  
Para contrarrestar estas lesiones oxidativas potenciales, la administración de 





peroxidación lipídica como se demostró en ciclistas y en maratonianos [3,24]. 
Algunos deportes como el ciclismo o las carreras de larga distancia (por ejemplo, 
maratón y ultra-maratón) se han asociado con un aumento post-ejercicio de 
biomarcadores de daño músculo-esquelético, cardíaco y hepático, incluyendo las 
troponinas cardíacas, AST, alanina aminotransferasa (ALT), gamma-glutamil 
transferasa (GGT), lactato deshidrogenasa (LDH) y CK, entre otras [30-36], así 
como con hallazgos radiológicos sugestivos de fibrosis y daño miocárdico [37]. 
Como se ha dicho anteriormente, existen varias fuentes celulares de producción de 
especies reactivas del oxígeno (ROS) en el músculo-esquelético, incluyendo la XO. 
La XOR es una enzima intracelular que participa en el catabolismo de la purina, 
que cataliza la reducción de hipoxantina y xantina en ácido úrico [38]. El ejercicio 
físico agotador o agudo provoca un aumento en la generación de ROS, y por lo 
tanto de EO en el músculo-esquelético y en otros órganos, que finalmente resulta 
en una lesión celular [2,39,40]. Por lo tanto, el EO está claramente implicado en la 
fisiopatología de la remodelación e insuficiencia cardíaca, así como en el daño del 
músculo-esquelético inducido por el ejercicio agotador [41]. El alopurinol es un 
inhibidor de la XOR muy conocido y que se usa frecuentemente en la práctica 
clínica [42], y como ha descrito nuestro grupo en estudios previos, un prometedor 
fármaco para prevenir el daño oxidativo muscular durante el ejercicio físico 
agotador [2,24]. 
Asimismo, se ha demostrado que el ejercicio y el entrenamiento pueden 
desencadenar cambios fisiopatológicos en las concentraciones séricas y urinarias 
de una variedad de parámetros de laboratorio y su evaluación permite controlar el 
daño a un nivel tisular específico (es decir, hígado, riñón, músculo-esquelético y 
corazón). Este aspecto ha incrementado inherentemente el uso de los 
biomarcadores de lesión tisular tradicionales por los médicos deportivos e 
investigadores del campo del deporte durante las últimas décadas [43]. Más allá, 





acelerar la búsqueda de biomarcadores innovadores y prometedores que nos 
permitan un mejor seguimiento del entrenamiento y del rendimiento deportivo, el 
diagnóstico de las lesiones relacionadas con el deporte, la predicción del 
sobreentrenamiento, e incluso la identificación de la época más adecuada para 
volver a la competición después de una lesión. 
 
2.1.1. El sistema hipoxantina/ xantina oxidasa 
La XOR es una enzima descrita originalmente como una aldehído oxidasa en 1902 
[44]. Esta enzima está ampliamente distribuida entre seres vivos de distinta 
complejidad. En las distintas especies cataliza la hidroxilación de una amplia gama 
de sustratos como purinas, pirimidinas, pterinas y aldehídos. La XDH es capaz de 
utilizar tanto el NAD+ como el oxígeno como aceptor de electrones, aunque tiene 
preferencia por el primero. La XO sólo es capaz de utilizar el oxígeno como 
aceptor de electrones. Es la enzima encargada de la degradación de las purinas 
como se muestra en la Figura 2.  
 
 
Figura 2. Esquema de degradación de las purinas 
 
2.1.2. Xantina Oxidasa (XO) 
Pese a que varios grupos de investigación, como hemos comentado en el apartado 
anterior, han señalado a la mitocondria como principal fuente generadora de ROS 





superóxido producido por los músculos en contracción puede ser detectado en el 
espacio extracelular [45] y en el compartimento vascular [46]. El anión superóxido 
generado en la mitocondria es muy poco probable que pueda ser medido fuera de la 
célula. 
Esto supondría que especies reactivas y cargadas eléctricamente, escapasen a los 
sistemas antioxidantes en la matriz mitocondrial y difundiesen a través de la 
membrana mitocondrial interna y externa, citosol y sarcolema sin implicarse en 
ninguna reacción química. La difusión a través del endotelio capilar en el 
compartimento vascular todavía parece menos probable [47]. La XO representa 
una fuente alternativa de ROS con soporte experimental. En músculo esquelético, 
la XO se localiza principalmente en el endotelio vascular [48]. La administración 
de inhibidores de la enzima disminuye la liberación de radical superóxido en el 
espacio vascular en los músculos en contracción [49] y parcialmente inhibe la 
fatiga in vivo [50]. En oposición a lo que ocurre con la mitocondria que genera RLs 
en un estado basal, las ROS derivadas de la XO cobran importancia en cuatro 
procesos: en la respuesta inflamatoria al ejercicio físico excéntrico, en el ejercicio 
físico de alta intensidad, en el ejercicio prolongado [51], o en el daño causado por 
los procesos de isquemia-reperfusión [52].  
La XO fue inicialmente identificada como una fuente potencial de RLs en el citosol 
de la célula muscular [53]. Sin embargo, estudios posteriores utilizando anticuerpos 
monoclonales para la XDH/XO revelan inmunoreactividad en las células del 
músculo liso de la pared de los vasos a la vez que en células endoteliales [54] y 
descartan su presencia en el interior de la célula muscular. 
La hipoxantina se forma en el músculo durante el ejercicio físico intenso y existe 
un incremento marcado de esta purina del músculo en la sangre [55]. La cantidad 
de hipoxantina que se acumula en sangre depende principalmente de la intensidad 
del ejercicio. Los niveles más elevados en plasma se han encontrado tras el 





con la acumulación de IMP en el músculo, lo que a su vez está relacionado con la 
intensidad del ejercicio y con su duración [57]. En estos últimos trabajos se sugiere 
que los nucleótidos son degradados cuando la resíntesis del ATP está limitada 
debido a los bajos niveles de glucógeno muscular. Con respecto al ácido úrico, las 
observaciones publicadas sobre la ausencia significativa de liberación del ácido 
úrico por el músculo pueden ser el resultado de una baja sensibilidad en los 
métodos de detección [58,59]. En ratas sí que se ha encontrado acumulación de 
ácido úrico tras estimulación eléctrica [60]. 
Existe una correlación lineal entre el pico de hipoxantina y el de ácido úrico en 
plasma tras un ejercicio físico agotador [61]. Esta observación indica que la 
concentración plasmática de hipoxantina es importante en el flujo de la vía 
XDH/XO, ya que un elevado nivel de hipoxantina en plasma supondría un aumento 
en la producción de radical superóxido en el caso en el que la conversión a XO 
hubiese sucedido. En 1981 el grupo de Granger  demostró que el tratamiento del 
intestino de felino con superóxido dismutasa previo al proceso de isquemia 
atenuaba el daño durante la subsiguiente reperfusión, lo que apuntaba hacia el 
radical superóxido como responsable del daño tisular [62]. Estos autores 
propusieron que la fase de isquemia producía una conversión de las XDH a XO y 
una degradación de los nucleótidos de adenina a hipoxantina. De esta forma con la 
reintroducción del oxígeno molecular durante la reperfusión, una considerable 




El alopurinol [1H-pirazolo (3,4-d)pirimidina-4-ol] es un análogo estructural de la 
base púrica natural hipoxantina (peso molecular 136.11) y actúa sobre el 
catabolismo de las purinas sin modificar su biosíntesis. Reduce la producción de 





alopurinol actúa como un inhibidor de la XOR, la enzima responsable de la 
conversión de hipoxantina a xantina y de xantina a ácido úrico el producto final de 
catabolismo de las purinas en el hombre. La inhibición de la enzima XO por este 
fármaco es efectiva tanto in vivo como in vitro [63]. El alopurinol inhibe la XO 
formando un complejo reversible con el molibdeno e interfiriendo así la interacción 
de las purinas con la enzima, de forma que no puede realizarse la oxidación de 
éstas [64]. Es absorbido por el tracto intestinal en un 90% aproximadamente y 
metabolizado a aloxantina (oxipurinol) que también es un inhibidor de la XO. El 
alopurinol y el oxipurinol son eliminados por los riñones; por lo tanto, los cambios 
en la función renal tienen un efecto profundo en la dosificación (Ver Figura 3). 
Como resultado de la inhibición de la XO, en los pacientes tratados con alopurinol 
se han detectado unos niveles de xantina + hipoxantina de 0,3 a 0,4 mg/dl en 
comparación con los niveles normales de aproximadamente 0,15 mg/dl. El valor 
máximo detectado, de 0.9 mg/dl de estas oxipurinas después de dosis muy altas de 



















2.2. EJERCICIO FÍSICO AGOTADOR Y DE LARGA DURACIÓN SOBRE 
EL SISTEMA CARDIOVASCULAR Y RENAL. 
 
Es bien sabido que el ejercicio físico confiere grandes beneficios para un estilo de 
vida saludable, así como que es muy útil en la creciente batalla contra la obesidad, 
enfermedades cardiovasculares y otros trastornos crónicos, tales como la diabetes, 
osteoporosis, disminución de la función cognitiva y  cáncer [65]. Recientemente, el 
Comité Olímpico Internacional (COI) ha aprobado recomendaciones defendiendo 
que todos los gobiernos deben fomentar la práctica de ejercicio físico y la 
promoción de la salud [65]. A pesar de que parece evidente que el ejercicio físico 
de alta intensidad en población no entrenada y/o que padezca algún tipo de 
patología podría estar contraindicado y resultar poco saludable e incluso 
perjudicial, sigue existiendo controversia sobre si el ejercicio físico extenuante y 
físicamente exigente podría determinar efectos biológicos a corto y largo plazo que 
podrían a su vez ser contraproducentes para la salud [66]. Varias modalidades 
deportivas como el ciclismo y las carreras de larga distancia (por ejemplo, maratón 
y ultramaratón) se han asociado con un aumento notable en biomarcadores de 
lesión cardiaca [30,31,33,67], así como con los hallazgos radiológicos sugestivos 
de necrosis miocárdica y fibrosis [37]. El EO está claramente implicado en la 
fisiopatología de la remodelación y la insuficiencia cardíaca, así como en el daño 
muscular inducido por el ejercicio físico agotador [41].  
Por otra parte, es bien conocido que el flujo sanguineo renal es de alrededor de 1.2 
L/min en reposo, que es aproximadamente el 20% del gasto cardíaco [68]. La 
actividad física induce cambios hemodinámicos profundos. El aumento del flujo 
sanguíneo muscular durante el ejercicio causa, de hecho, una disminución 
dramática de la circulación esplácnica y renal, lo que parece ser directamente 
proporcional a la intensidad y la duración del esfuerzo físico (por ejemplo, en el 





reposo) [68,69]. Varios mecanismos se han postulado para explicar la perturbación 
en la hemodinámica renal en deportistas, incluyendo un aumento en la actividad 
del sistema nervioso simpático, así como una mayor actividad de dos 
vasoconstrictores importantes, tales como la angiotensina II y vasopresina [70]. 
Estos cambios se ven compensados por un mecanismo de autorregulación local, 
que tiene como objetivo preservar la tasa de filtración glomerular (GFT). El 
aumento de la fracción de filtración resultante, que puede ser dos veces mayor que 
la de reposo, limita parcialmente el paso de metabolitos o sustancias a través de los 
glomérulos, reduciendo el grado de proteinuria inducida por el ejercicio [71]. Una 
proteinuria transitoria post-ejercicio es un hecho común en los deportistas, y parece 
estar directamente relacionada con la intensidad del ejercicio [71].  
Esto se debe principalmente a un mecanismo combinado de un aumento del 
aclaramiento de proteínas plasmáticas debido a un aumento de la permeabilidad 
glomerular, y una inhibición parcial de la reabsorción tubular [70]. Que una 
reducción prolongada e intensa del flujo sanguíneo renal esté relacionada con una 
lesión del parénquima sigue sin demostrarse y la clarificación de este problema está 
limitada por la falta de un biomarcador fiable de daño renal. Históricamente, los 
criterios diagnósticos para la lesión renal aguda (LRA) se han basado 
fundamentalmente en las variaciones agudas de creatinina sérica o la producción de 
orina. Aunque el parámetro anterior sigue siendo el método de referencia para el 
diagnóstico de insuficiencia renal [72], su evaluación en el ajuste de la LRA tiene 
varios inconvenientes tales como su dependencia de la edad, género, estado 
nutricional, fármacos, y/o masa muscular, así como un valor predictivo positivo 
subóptimo en pacientes con azotemia prerrenal. El valor predictivo negativo de la 
creatinina sérica también está limitado por la gran "reserva renal", ya que una 
variación significativa de la creatinina sérica se hace evidente cuando se pierde más 
de la mitad de la tasa de filtración glomerular [73,74], de manera que el diagnóstico 





tanto, la isquemia renal inducida por un ejercicio aeróbico vigoroso podría causar 
daño a nivel del tejido renal. 
Una gran cantidad de proteinas séricas y urinarias han sido recientemente 
propuestas y estudiadas como potenciales marcadores de la LRA, incluyendo entre 
ellas la lipocalina asociada con la gelatinasa de neutrófilos (NGAL), cistatina-C 
(Cys-C), interleucina-18 (IL-18), molecula de enfermedad renal-1 (KIM-1), 
péptido quimiotáctico de monocitos (MCP-1), netrina-1 y proteínas hepáticas de 
unión a ácidos grasos (L-FABP). Entre todos ellos, de la que  mejor evidencia 
clínica se tiene hasta el momento es de NGAL [73,75].   
 
  2.2.1. Biomarcadores cardiovasculares emergentes  
 
2.2.1.1. Copeptina 
La copeptina es la porción terminal de la provasopresina, siendo un glicopéptido de 
39 aminoácidos producido durante la escisión de la vasopresina u hormona 
antidiurética (ADH) [76]. La ADH es liberada por la neurohipófisis para mantener 
el equilibrio hídrico por el riñón, y por lo tanto contribuye a la homeostasis 
osmótica y cardiovascular. Los niveles séricos de copeptina se correlacionan con 
los niveles individuales de estrés [77], mientras que la combinación de la copeptina 
con troponinas cardíacas en pacientes con dolor torácico puede mejorar el 
diagnóstico temprano del síndrome coronario agudo [78-82]. Además, la copeptina 
proporciona información pronóstica fiable en pacientes después de un infarto 
agudo de miocardio o en la insuficiencia cardíaca crónica [83-88]. Niveles 
elevados de este biomarcador también pueden predecir un riesgo aumentado de 
sufrir diabetes independientemente de los factores de riesgo convencionales [89]. 
El valor pronóstico de la copeptina ha sido bien establecido en otras enfermedades 
graves, incluyendo sepsis, neumonía, infecciones de las vías respiratorias inferiores 





2.2.1.2. Región media de la proadrenomedulina (MR-proADM) 
La adrenomedulina (ADM) es un péptido vasoactivo de 52 aminoácidos con un 
puente disulfuro interno que juega un papel importante en la microcirculación y en 
la disfunción endotelial. Su precursor, la preproadrenomedulina (preproADM), es 
transcripcionalmente inducida por la insulina, la hipoxia, y varios estímulos 
inflamatorios. Después de una serie de transformaciones post-traduccionales, se 
generan dos péptidos amidados con actividad biológica: la ADM, y el péptido 
aminoterminal de la proadrenomedulina (PAMP). La PAMP se degrada en dos 
péptidos: la parte de la región media de la ADM (MR-proADM 45–92) y la parte 
terminal de la molécula (proADM 153–185) [94]. La parte de la región media de la 
proADM (MR-proADM) es más estable que la propia ADM y por lo tanto más 
indicada para el uso en la práctica clínica y su determinación en muestras 
almacenadas [95]. Evidencias recientes muestran que la MR-proADM es un 
predictor independiente de eventos en pacientes con enfermedad arterial coronaria 
sintomática [96], eventos cardiovasculares [97], insuficiencia cardiac crónica [98], 
infarto [99], y otras enfermedades severas como son amiloidosis [100], sepsis 
[101], neumonía adquirida en la comunidad [102,103], y disnea aguda [104-106]. 
Además, se ha observado que MR-proADM se asocia con el VO2 pico 
independiente de la función pulmonar en pacientes con enfermedad pulmonar 
crónica [107]. Sin embargo, la función fisiológica de la MR-proADM está aún bajo 
investigación. Aunque tanto la copeptina como la MR-proADM están surgiendo 
como biomarcadores cardiovasculares, poco se sabe sobre la influencia del 
ejercicio físico en su concentración. 
 
2.2.1.3. Factor de diferenciación de crecimiento 15 (GDF15) 
El GDF15 es un miembro perteneciente a la superfamilia de los factores de 
crecimiento transformante β (TGF-β). Varios estudios han demostrado que la 





cardíaco [108,109]. Por otra parte, se ha demostrado que este nuevo biomarcador 
está asociado con trastornos vasculares tales como la aterosclerosis, hipertensión, 
isquemia e insuficiencia cardíaca [110], lo que sugiere que puede ser un buen 
marcador de estrés a nivel de los cardiomiocitos.  
 
2.2.1.4. Receptor del factor de crecimiento endotelial vascular-1 
(sVEGFR-1/sFLT-1) y factor de crecimiento placentario (PlGF)  
En diferentes estudios animales y humanos se ha demostrado que la expresión de 
VEGF aumenta a nivel muscular después del ejercicio físico agudo [111-113]. 
PlGF es un miembro de la familia de los factores de crecimiento del endotelio 
vascular que se expresa en varios tipos de células inflamatorias y actúa como un 
mediador crucial en el reclutamiento de células madre hematopoyéticas y en etapas 
tardías de la angiogénesis [114]. PIGF media la arteriogénesis principalmente en 
respuesta a la isquemia o daño tisular [115]. El sVEGFR-1/sFLT-1 es un receptor 
de tirosina quinasa (RTK) específico para los factores angiogénicos de VEGF 
(VEGF-A), PlGF, y VEGF-B [116]. Los niveles del VEGFR1/sFLT-1 cambian en 
diferentes patologías [117-119], y tiene valor pronóstico [120]. También se ha 
sugerido que los niveles del sVEGFR1/sFLT-1 están aumentados junto con los de 
VEGF en condiciones experimentales y patológicas [121]. Sin embargo, muy poco 
se conoce acerca de la regulación de ambos por el ejercicio físico. 
 
2.2.1.5. Receptor del activador del plasminógeno soluble en uroquinasa 
(suPAR) 
El suPAR es una proteína circulante con un peso molecular comprendido entre 20 
y 50 kDa, dependiendo del grado de glicosilación y la fragmentación proteolítica 
[122,123]. SuPAR está presente en sangre en concentraciones muy bajas en 
condiciones fisiológicas, mientras que el aumento de los niveles plasmáticos refleja 





marcador para varias enfermedades infecciosas [122,123]. Esta proteína es 
expresada por varias células inmunorreguladoras, incluyendo neutrófilos, células T 
activadas y macrófagos [124], por lo que se observan niveles elevados siempre en 
asociación con la inflamación, en la progresión de la enfermedad y en el desenlace 
fatal [125,126]. Se ha demostrado que el suPAR puede predecir el cáncer, las 
enfermedades cardiovasculares, la diabetes y la mortalidad en la población general 
[127], mientras que los niveles sistémicos de suPAR se correlacionan 
positivamente con los marcadores de disfunción orgánica y de la gravedad de una 
enfermedad [128].  
 
2.2.1.6. Lipocalina asociada con la gelatinasa de neutrófilos (NGAL) 
La NGAL es una proteina de fase aguda producida en gran parte por el túbulo renal 
y también está regulada por otras condiciones patológicas, como en el cáncer de 
páncreas y de recto, la diabetes, la aterosclerosis y el infarto de miocardio 
[73,129,130]. Los miembros de la familia de la lipocalina también pueden ser 
sobreexpresados por un aumento de ROS [131], que pueden ser a su vez generadas 
















2.3. EJERCICIO FÍSICO, SALUD Y LONGEVIDAD 
 
2.3.1. Ejercicio, movimiento y salud: Definiciones 
La promoción de la salud es la ciencia y el arte de ayudar a la gente a cambiar su 
estilo de vida para avanzar hacia un estado de salud óptima [132]. La Organización 
Mundial de la Salud (OMS) define la salud como “El completo bienestar físico, 
mental y social, y no sólo la ausencia de afecciones o enfermedades”.  La forma 
física se define como el estado fisiológico de bienestar que permite a uno mismo 
satisfacer las actividades de la vida diaria (salud relacionada con la aptitud física) o 
que proporcione la base para un adecuado rendimiento deportivo (relacionada con 
el rendimiento físico), o ambos. Aunque somos conscientes de que hay una clara 
diferencia entre los términos actividad física ("cualquier movimiento corporal") y 
ejercicio físico ("una parte de la actividad física que se caracteriza por un 
entrenamiento planificado e intencionado") [133], utilizamos estos dos conceptos 
como sinónimos ya que en multitud de estudios se emplean indistintamente. 
 
2.3.2. Antecedentes históricos 
La hipótesis de que la actividad física promueve la salud y la longevidad no es 
nueva. Ya se encontró en antiguos registros chinos que datan de 2500 AC la 
recomendación de ejercicio organizado para la promoción de la salud [134,135]. 
En tiempos Greco-Romanos, hace 2500 años, Hipócrates (460–370 AC) y 
posteriormente Galeno (129–210 DC), reconocieron la necesidad de promover y 
prescribir ejercicio físico para obtener beneficios relacionados con la salud, y la 
necesidad de proporcionar atención médica para el deportista [136]. En este 
sentido, el gran filósofo Platón (427–347 AC), dijo: " La falta de actividad física 
destruye la buena condición de todo ser humano, mientras que el movimiento y el 





La simple comparación de hombres con diferentes ocupaciones proporcionó la 
primera evidencia empírica de que la actividad física se asocia con la salud. Los 
primeros estudios que demuestran una relación significativa inversa entre la 
actividad física y la enfermedad coronaria fueron las realizadas en conductores de 
autobús londinenses por Morris y colaboradores a principios de la década de los 50 
[138]. Estos autores encontraron que los conductores de autobús físicamente más  
activos tenían una menor probabilidad de padecer una enfermedad coronaria frente 
a los conductores menos activos. Su comparación posterior con los carteros y 
empleados postales menos activos produjo resultados similares [139]. Estos 
trabajos fueron seguidos por los de Paffenbarger y colaboradores en la década de 
los 70 en los que evaluaron el aumento en el riesgo relativo de muerte por 
cualquier causa y por enfermedades específicas asociadas con la inactividad física 
[140,141].  
 
2.3.3. El ejercicio físico es bueno para la salud 
El ejercicio es una de las terapias más frecuentemente prescritas tanto en la salud 
como en la enfermedad. Existen pruebas irrefutables que muestran los efectos 
beneficiosos del ejercicio, tanto para prevenir como para tratar diversas 
enfermedades. Diversas investigaciones han demostrado que los hombres y 
mujeres que realizan mayores niveles de actividad física y con una mejor condición 
física tienen un menor riesgo relativo de muerte (entre un 20% y un 35%) 
[142,143].    
Investigaciones recientes sugieren que modestos incrementos en el gasto energético 
mediante la actividad física  (~1000 kcal por semana) o un incremento en la forma 
física de 1MET (Equivalente Metabólico) está asociada con una disminución en la 
mortalidad de aproximadamente el 20% [144]. Mujeres de mediana edad 
físicamente inactivas (menos de una hora de ejercicio a la semana) experimentan 





por causas cardiovasculares e incrementan un 29%  la mortalidad por cáncer 
cuando se compara con mujeres físicamente activas [145].  
Por tanto, hay una clara evidencia de que la práctica de actividad física regular 
produce efectos beneficiosos para la salud y reduce el riesgo de muerte prematura 
por cualquier causa y por enfermedad cardiovascular, en particular entre sujetos 
asintomáticos.  
Los beneficios de la actividad física son evidentes, no sólo en personas sanas, sino 
también en enfermos. Estudios observacionales y aleatorizados han demostrado 
que la actividad física regular contribuye al tratamiento de varias enfermedades 
crónicas [146,147].  Hay evidencias suficientes para prescribir ejercicio físico en la 
prevención primaria y secundaria de enfermedades pulmonares y cardiovasculares 
(enfermedad coronaria, enfermedad pulmonar obstructiva crónica, hipertensión, 
claudicación intermitente), trastornos metabólicos (diabetes tipo 2, dislipidemia, 
obesidad, resistencia a la insulina), cáncer óseo y enfermedades articulares (artritis 
reumatoide, fibromialgia, síndrome de fatiga crónica, osteoporosis), y depresión 
[147,148].  
También se ha demostrado que el ejercicio induce un marcado aumento en los 
niveles plasmáticos y musculares de folistatina e irisina [149-151]. Los cambios de 
expresión en los niveles de folistatina, tanto en el músculo como en la grasa de 
ratas diabéticas puede ser modulada por ejercicio físico [152]. Las concentraciones 
de irisina aumentan significativamente después del ejercicio en ratones y en 
humanos, y los niveles de irisina circulantes se correlacionan con los niveles de 
ARN mensajero de irisina en el tejido muscular [151]. Todos estos hechos ponen 
de relieve la importancia del ejercicio con respecto a la sobreexpresión de miocinas 
y, por lo tanto, con respecto a la prevención y el tratamiento de la sarcopenia y la 
fragilidad. En este sentido, nuestro grupo también ha propuesto el ejercicio físico 
para prevenir la sarcopenia inducida por el tratamiento antiandrogénico en el 





algunos pacientes, los médicos deben recomendar encarecidamente el ejercicio o 
simplemente la actividad física como una terapia ayudante siempre que sea posible 
[16]. 
Sin embargo, aunque el ejercicio es un buen remedio para todas estas 
enfermedades, como con cualquier otro fármaco, la dosis (volumen e intensidad del 
ejercicio), la frecuencia de administración (sesiones semanales), tipo (ejercicio 
aeróbico frente al anaeróbico), efectos sistémicos y psicoactivos, y 
contraindicaciones y efectos secundarios del ejercicio se deben tener en cuenta para 
lograr el mejor resultado clínico posible. Por ejemplo, tanto el entrenamiento 
aeróbico como el anaeróbico han demostrado ser beneficiosos para el control de la 
diabetes, sin embargo, el entrenamiento anaeróbico puede tener mayores beneficios 
para el control glucémico que el entrenamiento aeróbico [153].  
 
2.3.4. La dosificación del ejercicio 
La dosificación es importante en medicina clínica. Todos los medicamentos que se 
comercializan requieren datos sobre su eficacia y seguridad [154].  Se sabe que 
existe una cantidad mínima de actividad física para obtener beneficios saludables. 
Estos beneficios se incrementan con el aumento de la cantidad de ejercicio, pero 
más allá de un cierto nivel, los efectos adversos son mayores que los beneficios 
[154]. Sin embargo, a diferencia de los fármacos químicos, la dosis mínima, la 
respuesta a la dosis, y la dosis segura de actividad física no se conocen bien [154].  
Existe un debate contínuo sobre cuánto, qué tipo, con qué frecuencia, qué 
intensidad  y durante cuánto tiempo se debe practicar actividad física. Esto es 
importante para formular recomendaciones de salud pública [155]. Es difícil llegar 
a alguna conclusión resumiendo la información disponible obtenida a través de 
diferentes estudios ya que los investigadores lo han medido en diferentes 
intensidades de ejercicio y han clasificado la actividad física de acuerdo a 





años, diferentes grupos de expertos, basándose en las mejores evidencias científicas 
disponibles, han propuesto diferentes recomendaciones y directrices para la 




Physical Activity Recommendations 












Most days of the 
week 
[157,158] 






(150 per week) 




Vigorous exercise 75 minutes/week [159] 
 
 
Tabla 1. Evolución histórica en las recomendaciones de la cantidad de actividad física a realizar y pautas a 
seguir [17]. 
 
Los niveles de intensidad del ejercicio físico pueden expresarse en relación con el 
consumo de oxígeno (VO2) o con la frecuencia cardíaca [160]. Actividades de 
intensidad moderada son aquellas en las que los ritmos cardíaco y respiratorio 
aumentan, pero, aún así, es posible hablar con comodidad. Esto ocurre alrededor de 
4-6 METs. Caminar a paso acelerado a 3 mph (80,4 m x min-1) es una de esas 
actividades. En las actividades físicas intensas las frecuencias cardíaca y 
respiratoria son mayores, y la conversación es más dificultosa (alrededor de 6-8 
MET) [160], por ejemplo trotar. Se ha demostrado que la práctica de ejercicio 
físico en incluso el 50% de lo recomendado (setenta y dos minutos de ejercicio 
moderado a la semana) parece suficiente para proporcionar alguna mejora en la 
forma física. Sin embargo, esta baja dosis de ejercicio no mejora factores de riesgo 





muchas personas, hasta sesenta minutos de actividad física todos los días son más 
adecuados cuando el control del peso es el objetivo principal [154]. Por lo tanto, las 
relaciones dosis-respuesta entre la actividad física y los diferentes efectos sobre la 
salud son diferentes. La evaluación de la cantidad mínima de actividad física (dosis 
baja) necesaria para lograr sus efectos beneficiosos ha sido objeto de una 
investigación intensa. Wen y colaboradores han descubierto recientemente que 
quince minutos al día o noventa minutos por semana de ejercicio de intensidad 
moderada es beneficioso en términos de esperanza de vida, incluso para sujetos con 
riesgo cardiovascular [162].  
 
2.3.5. Ejercicio físico agotador y longevidad 
Aunque los beneficios de la actividad física realizada en el tiempo libre están bien 
documentados, la asociación entre la práctica de ejercicio vigoroso y la 
mortalidad/longevidad de los deportistas de élite no está clara [163]. Durante 
siglos, la creencia general ha sido que el ejercicio agotador y competitivo es 
perjudicial para la salud y disminuye la esperanza de vida [164]. Por ejemplo, en 
1968, Moorstein [165] observó que todos los miembros del equipo de remo de 
Harvard (año 1948) habían fallecido a una edad temprana por enfermedades 
cardíacas, aunque más tarde se demostró que no había sido así ya que los propios 
remeros confirmaron que estaban vivos. Posteriormente se demostró que la 
participación en deportes de resistencia de alta competición aumenta la esperanza 
de vida, encontrándose que la esperanza de vida de remeros fue mayor que la de 
sus controles no entrenados [166,167].  Karvonen y colaboradores encontraron que 
esquiadores finlandeses de alto nivel (nacidos entre 1845–1910) vivieron de 2,8 a 
4,3 años más que la población general masculina. Contrariamente a la mayoría de 
los estudios de esta época, Polednak [168] informó de evidencias en contra de los 
efectos beneficiosos del ejercicio físico extenuante. Él encontró diferencias en la 





atléticos universitarios. Además, en un estudio reciente con animales se ha 
observado que el ejercicio físico de resistencia realizado de forma vigorosa puede, 
en algunos casos, promover remodelaciones cardíacas con efectos adversos, 
pudiendo ser el sustrato de arritmias cardíacas [169].  La incidencia de muerte 
cardíaca súbita entre atletas jóvenes (estimada entre 1–3 por 100.000 personas al 
año), es mayor que entre no atletas, e incluso puede ser que esté todavía 
infraestimada [170]. Sin embargo, se ha visto que la causa más común de muerte 
súbita en atletas jóvenes es debida a cardiopatías subyacentes heredadas, como las 
miocardiopatías, las anomalías coronarias congénitas y canalopatías [171]. La 
mayoría de los datos extraidos de estudios realizados en humanos apoyan la noción 
de que la prescripción de ejercicio físico aeróbico vigoroso, practicado de forma 
regular, puede ser una herramienta útil y con una respuesta dosis-efecto para 
mejorar el estado de salud general y la longevidad de la población general 
[164,172]. Por lo tanto, parece existir una relación dosis-respuesta, de manera que 
las personas con mayores niveles de actividad y condición física tienen un menor 
riesgo de muerte prematura [147]. 
El nivel de entrenamiento es un factor muy relevante en la prescripción del 
ejercicio en cuanto a "dosis". Se han encontrado evidencias en individuos 
entrenados que muestran que el aumento en las dosis de ejercicio tiene 
consecuencias positivas para la salud [18,164]. Mittleman y colaboradores, 
encontraron que el ejercicio físico intenso puede provocar infartos agudos de 
miocardio, sobre todo en personas sedentarias [173]. Resultados del mismo grupo 
mostraron que los hombres físicamente menos activos que relizaron actividad física 
vigorosa tenían más probabilidades de tener un infarto de miocardio durante la 
práctica del ejercicio frente a hombres físicamente más activos [174].  
En el tratamiento farmacológico de muchas enfermedades, los médicos comienzan 
normalmente con una dosis mínima efectiva. A continuación, si el paciente no 





máxima, más allá del cual los efectos adversos del fármaco son inaceptables para 
seguir el tratamiento [154].  Del mismo modo, la intensidad del entrenamiento 
aeróbico debe ser también valorada en personas sanas [160].  Se ha demostrado que 
las personas desentrenadas pueden obtener mejoras significativas en la forma física 
con una intensidad baja de entrenamiento, mientras que las personas con una mejor 
forma física necesitan una mayor intensidad de ejercicio para lograr mejoras [175]. 
Por lo tanto, los individuos con buena forma física que han cumplido con los 
niveles de ejercicio recomendados durante al menos seis meses pueden obtener 
beneficios adicionales para la salud al realizar 300 minutos/semana o más de 
actividad aeróbica de intensidad moderada, o 150 minutos/semana o más de 
actividad aeróbica de intensidad vigorosa, o una combinación equivalente de 
actividad aeróbica de intensidad moderada y vigorosa [134,159].  Estas dosis 
relativamente bajas son, obviamente, no aplicables a los deportistas profesionales 
de alto nivel que realizan ejercicio en dosis mucho más altas. 
Las directrices mencionadas anteriormente son generalmente apropiadas para 
jóvenes y adultos de mediana edad. Pero, al igual que con los medicamentos, se 
deben tomar consideraciones especiales cuando se prescribe ejercicio a personas 
con necesidades específicas, tales como ancianos, niños, mujeres embarazadas, 
pacientes con sobrepeso u obesidad, y pacientes con enfermedades crónicas [160]. 
Por ejemplo, se ha demostrado que actividades físicas vigorosas no son esenciales 
para la reducción del riesgo cardiovascular en hombres de más de sesenta años. La 
actividad física regular es suficiente para lograr una reducción significativa de la 
mortalidad en esta población. Por lo tanto, el mayor beneficio para la salud se 
obtiene con un ejercicio moderado y sostenido, por encima del cual no parece 
haber ningún beneficio adicional para la salud en hombres mayores [176,177].  
En cuanto a la "dosis" de ejercicio, si debe llevarse a cabo de forma continua, o en 
dos o más tandas acumuladas, las evidencias disponibles sugieren que, al menos 





total confieren beneficios similares [178]. Por ejemplo, se ha demostrado que de 
cinco a ocho tandas acumuladas de dos minutos de subir escaleras en el transcurso 
de un día confieren beneficios para la salud, incluyendo incrementos en la forma 
física en comparación con los controles no ejercitados [179].  
Aunque la actividad física es beneficiosa para la salud, con o sin pérdida de peso, 
los adultos que tienen dificultades para mantener un peso normal y los adultos con 
mayor riesgo de padecer enfermedades cardiovasculares o diabetes tipo 2 pueden 
beneficiarse de incrementar gradualmente los niveles de actividad recomendados 
para los adultos sanos hasta alcanzar las recomendaciones para los individuos 
entrenados [159].   
 
2.3.6. Adaptaciones sistémicas al ejercicio físico 
Las adaptaciones inducidas por el ejercicio son especialmente evidentes en el 
sistema cardiorespiratorio, aparato locomotor, la composición corporal y el 
metabolismo [147,180]. Además, los beneficios documentados del ejercicio físico 
para la salud también incluyen la disminución de los síntomas de la depresión y la 
ansiedad, entre otros [181].  
El músculo-esquelético es la principal diana del ejercicio físico. Las 
modificaciones a nivel músculo-esquelético son cruciales para la mejora en la 
resistencia y eficiencia metabólica [182]. Las fibras musculares se clasifican 
comúnmente como tipo I de contracción lenta o fibras oxidativas, con un alto 
contenido mitocondrial y tipo II de contracción rápida o fibras glicolíticas, que 
tienen menor cantidad de mitocondrias. Los ejercicios de resistencia inducen un 
aumento en la biogénesis mitocondrial, un cambio en la distribución de fibras 
glicolíticas a oxidativas, y un aumento en la oxidación de ácidos grasos que en 
última instancia conduce a un aumento en la capacidad aeróbica y previene la 
aparición de enfermedades tales como la obesidad, la diabetes tipo 2 o 





Se ha demostrado que el ejercicio físico regular puede reducir la adiposidad 
abdominal y mejorar el control de peso [147], mejorar los perfiles lipoproteicos 
(por ejemplo, reducir los niveles de triglicéridos, aumentar la lipoproteína de alta 
densidad y disminuir los niveles de lipoproteína de baja densidad), mejorar la 
homeostasis de la glucosa y la sensibilidad a la insulina, reducir la presión arterial, 
mejorar el tono autonómico, reducir la inflamación sistémica, disminuir la 
coagulación sanguínea, mejorar el flujo sanguíneo coronario, aumentar la función 
cardiaca y mejorar la función endotelial [147].  
La actividad física regular también se asocia con un mejor bienestar psicológico 
(por ejemplo, reduciendo el estrés, la ansiedad y la depresión) [185].  Los efectos 
beneficiosos del ejercicio sobre la función cognitiva son bien conocidos [186]. El 
mecanismo por el que el ejercicio produce estos efectos no está del todo claro pero 
parece estar asociado con un aumento en la expresión de factores neurotróficos en 
algunas áreas del cerebro. El aumento en la expresión de estos factores se relaciona 
con una mejor memoria y función cognitiva. El factor neurotrófico derivado del 
cerebro (BDNF) puede mejorar la supervivencia y la diferenciación de las 
neuronas, y se ha demostrado que el ejercicio voluntario lo aumenta [187]. El 
bienestar psicológico es especialmente importante para la prevención y tratamiento 
de enfermedades cardiovasculares, pero también tiene implicaciones significativas 
en la prevención y el tratamiento de otras enfermedades crónicas como la diabetes, 
la osteoporosis, la hipertensión, la obesidad, el cáncer y la depresión [147]. Se ha 
demostrado que la actividad física resulta en adaptaciones específicas que afectan a 
estados individuales en todas estas enfermedades. Por ejemplo, son de gran 
importancia las adaptaciones que afectan a la homeostasis de la glucosa en la 
diabetes tipo 2, incluyendo aumentos en las actividades de la glucógeno sintasa y 
de la hexoquinasa, aumento en la expresión de GLUT-4 y mejora de la densidad 





El ejercicio físico produce una reducción significativa en las tasas de cáncer 
(especialmente de colon y mama) [148,189]. Las posibles explicaciones incluyen la 
reducción de las reservas de grasa, aumento del gasto energético compensando una 
dieta alta en grasas, cambios relacionados con la actividad en los niveles de 
hormonas sexuales, función inmune, insulina y factores de crecimiento similares a 
la insulina, generación de RLs, y los efectos directos sobre la biología de las 
células tumorales [190].  
La mayoría de los mecanismos propuestos se han discutido en el contexto de las 
adaptaciones crónicas a la actividad física regular. Sin embargo, se ha demostrado 
que sesiones de ejercicio aisladas también provocan cambios transitorios y 
beneficiosos para enfermedades crónicas [191].  Muchas de las adaptaciones al 
ejercicio se producen por una única sesión que provoca cambios celulares a nivel 
de genes dando lugar a efectos acumulativos del entrenamiento. El efecto agudo 
del ejercicio provoca una reducción pasajera en las concentraciones de 
triglicéridos, aumenta los niveles de lipoproteína de alta densidad (HDL), 
disminuye la presión sanguínea, reduce la resistencia a la insulina y mejora el 
control glucémico [191]. Estos cambios agudos evidencian el importante papel que 
las sesiones individuales de ejercicio tienen sobre la salud. Así pues, las dosis 
únicas de ejercicio tienen también un impacto importante sobre la salud. La Figura 


























Figura 4. Beneficios del ejercicio físico sobre la salud. Efectos sobre órganos y tejidos [17]. 
 
2.3.7. Vías de señalización reguladas por el ejercicio en el músculo-esquelético 
La regulación de las funciones celulares por el ejercicio dependen de muchos 
estímulos: alteraciones en las concentraciones de ciertos metabolitos, un cambio en 
el ratio ATP/ADP, cambios en la concentración intracelular de Ca+2, en el pH 
intracelular, y activaciones de las vías de señalización sensibles al EO [192,193]. 
Dilucidar los mecanismos de señalización molecular que permiten responder al 
estímulo contráctil al músculo-esquelético y que median las adaptaciones inducidas 
por el ejercicio físico es de gran importancia [192]. Se ha establecido claramente 
que el ejercicio físico puede activar las vías de las proteínas quinasas activadas por 
mitógenos (MAPKs), incluyendo ERK1/2 [194], p38 [195], y la quinasa c-Jun N-
terminal (JNK) [194].  También puede aumentar la actividad de la proteína quinasa 
activada por AMP, Akt, y de la quinasa p70 S6 [192] (Ver Figura 5).  La 
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ampliamente demostrada. Además de activar la contracción del músculo a través 
del sistema troponina, el Ca+2 también está involucrado en la regulación de 
proteínas intracelulares importantes como son la proteína quinasa C, la 
calcineurina, y la calmodulina quinasa que median la transducción de la señal 

















Figura 5. Vías de señalización reguladas por el ejercicio físico en el músculo-esquelético [17]. 
 
Más recientemente se ha observado que niveles bajos y moderados de ROS 
también juegan múltiples funciones de regulación célular tales como el control de 
la expresión génica, la regulación de las vías de señalización celular y la 
modulación de la producción de fuerza muscular [197].  El papel de las ROS en las 
adaptaciones inducidas por el ejercicio físico en el músculo-esquelético se ha 
estudiado en profundidad [198,199]. La idea de que las ROS tienen efectos nocivos 
ha estado muy arraigada en la comunidad científica durante los últimos treinta 





bajas concentraciones de RLs es capaz de inducir la expresión de enzimas 
antioxidantes y otros mecanismos de defensa. En este contexto, los RLs pueden ser 
vistos más como beneficiosos que como perjudiciales, ya que actúan como señales 
para mejorar las defensas cuando las células están expuestas a altos niveles de estos 
radicales. En animales que realizaron ejercicio (entrenamiento crónico) se ha 
observado un menor daño oxidativo después de realizar ejercicio agotador cuando 
se compararon con animales no entrenados [198]. Esto se debe en gran parte a la 
regulación de enzimas antioxidantes endógenas como son la glutatión peroxidasa, 
la manganeso superóxido dismutasa (MnSOD), y la γ-glutamilcisteina sintetasa 
[200].  Una de las principales conclusiones que se pueden extraer de estos 
resultados es que el ejercicio en sí es un antioxidante, ya que el entrenamiento 
aumenta la expresión de enzimas antioxidantes [199].  También ha sido 
demostrado que la suplementación con sustancias antioxidantes previene la 
inducción de la biogénesis mitocondrial, de reguladores moleculares de la 
sensibilidad a la insulina y de la defensa antioxidante endógena inducida por el 
ejercicio físico [40,201]. Por lo tanto, las ROS inducidas por el ejercicio físico 
actúan como señales ya que su disminución previene la activación de importantes 
vías de señalización que provocan adaptaciones celulares de gran útilidad. 
Debido a las importantes implicaciones en casi todas las funciones biológicas de 
las ROS, es difícil definir todas las rutas y genes que se ven afectados por la 
señalización redox durante el ejercicio. Las siguientes son algunas de las vías de 
señalización más relevantes moduladas por el ejercicio: el coactivador-1α y β del 
receptor-γ activado por la proliferación del peroxisoma (PGC-1α y PGC-1β) 
[40,201],  p53 [202], el factor inducido por hipoxia 1 (HIF-1) [203], el factor de 
choque térmico (HSF) [204], el factor nuclear Kappa B (NF-κB) y las vías de 
señalización de las MAPKs [193,195]. Varias adaptaciones importantes en el 
músculo-esquelético como son la biogénesis mitocondrial, la defensa antioxidante, 





principalmente por estas vías. Por lo tanto, su regulación debe ser estrechamente 
controlada [205].  
 
2.3.8. Ejercicio físico, un fármaco psicoactivo 
El impacto de la práctica de ejercicio físico en la función cerebral se ha estudiado 
ampliamente. A principios de los años 80 se demostró que el ejercicio causa un 
marcado incremento en beta-endorfinas sanguíneas [206,207]. Concentraciones 
séricas elevadas de beta-endorfina inducidas por el ejercicio se han relacionado con 
varios cambios psicológicos y fisiológicos, incluyendo cambios en el estado de 
ánimo y en el estado de euforia inducido por el ejercicio, alteraciones en la 
percepción del dolor y respuestas a numerosas hormonas de estrés (hormona de 
crecimiento, ACTH, prolactina, catecolaminas y cortisol) [208].  
El ejercicio físico puede influir favorablemente la función cognitiva [209,210]. 
Diferentes investigaciones han mostrado que el ejercicio mejora la capacidad de 
aprendizaje y la memoria [211], mejora la calidad del sueño, contrarresta el 
deterioro mental como consecuencia de la edad [212], facilita la recuperación 
funcional producida por lesiones cerebrales [213] y la depresión [214,215]. El 
ejercicio físico es un estímulo muy potente para la inducción de neurogénesis en el 
giro dentado adulto [211] que puede contribuir a la remodelación de los circuitos 
sinápticos hipocampales y a aumentar la función cognitiva. También puede mitigar 
las consecuencias de la exposición aguda a diferentes tipos de estrés psicológico 
[210]. Las alteraciones inducidas por el ejercicio en los sistemas serotoninérgico y 
noerepinefrinérgico pueden explicar estas respuestas [210]. La mayoría de los 
efectos positivos del ejercicio, como se ha mencionado anteriormente, se han 
relacionado con la inducción, en diferentes áreas del cerebro, de proteínas 
neurotróficas, incluyendo BDNF, factor neurotrófico derivado de la glía (GDNF), y 
factor de crecimiento insulínico (IGF). Que las respuestas metabólicas cerebrales a 





específicamente en el control motor, sensorial o cardiovascular no está todavía 
claro [210]. Se han observado incrementos transitorios en el uso local de la glucosa 
cerebral y en el flujo sanguíneo cerebral en las diferentes áreas del cerebro en 
respuesta a la carrera agotadora en tapiz rodante tanto en ratas como en humanos  
[216]. Se ha demostrado también que la velocidad de descarga de una selección de 
células piramidales del hipocampo aumenta a medida que aumenta la velocidad de 
carrera [217]. Además, el ejercicio aumenta la capacidad metabólica en el cortex 
motor así como en el estriado [218].  
Los efectos psicoactivos del ejercicio que acabamos de mencionar no están libres 
de riesgos. En la literatura se encuentran comportamientos patológicos entre los 
usuarios de gimnasios [219]. Al igual que en los pacientes con trastornos de 
alimentación, las personas físicamente activas suelen preocuparse por su cuerpo, 
ponen especial atención en sus patrones de alimentación, muestran adicción al 
ejercicio, y tienen un rasgo de personalidad perfeccionista [220]. Este desorden de 
la imagen corporal se ha bautizado como anorexia inversa, vigorexia o dismorfia 
muscular [219].  Basándonos en una revisión en la que incluyen una gran variedad 
de estudios sobre la adicción al ejercicio, se ha estimado que su prevalencia en la 
población general es de alrededor de un 3%. Entre algunos grupos, como los 
corredores de ultramaratón, los culturistas y los estudiantes de ciencias del deporte, 
el porcentaje es aún mayor [220,221].  
 
2.3.9. Contraindicaciones del ejercicio físico 
Aunque el sistema cardiopulmonar se beneficia significativamente de la actividad 
física hay algunas contraindicaciones cuando el ejercicio es llevado a cabo por 
pacientes que padecen enfermedades cardíacas y/o pulmonares. Pedersen y Saltin 
[148] revisaron las posibles contraindicaciones del ejercicio físico en muchas de las 
enfermedades en las cuales ha mostrado efectos beneficiosos. Por ejemplo y por lo 





que el paciente se haya mantenido estable durante al menos cinco días. Por otra 
parte, la disnea en reposo, la estenosis aórtica, pericarditis, miocarditis y 
endocarditis, la fiebre y la hipertensión severa son contraindicaciones para la 
práctica de ejercicio físico [148].  Black y colaboradores fueron los primeros que 
encontraron que el ejercicio físico vigoroso puede causar una lesión aguda a nivel 
de placas coronarias, lo que lleva a la oclusión de arterias coronarias [222]. Sin 
embargo, años más tarde se encontró que aunque el riesgo de parada cardíaca 
aumentó transitoriamente durante una sola sesión de ejercicio físico vigoroso, el 
ejercicio vigoroso habitual se asocia con una disminución global de este riesgo 
[223,224]. No hay contraindicaciones absolutas para el ejercicio muy moderado en 
pacientes con enfermedad pulmonar obstructiva crónica [148]. No obstante, en los 
pacientes con asma se recomienda detener de forma inmediata el entrenamiento 
cuando se produce una exacerbación aguda. En los casos de infección, se 
recomienda una pausa en el entrenamiento hasta que el paciente esté asintomático 
durante al menos un día, pudiendo entonces reanudar el entrenamiento lentamente 
[148]. 
En cuanto a enfermedades músculares, óseas y articulares, por ejemplo, la 
osteoartritis y la artritis reumatoide, el ejercicio está contraindicado en casos de 
inflamación articular aguda, si el dolor empeora después del entrenamiento, y en 
casos de pericarditis y pleuritis [148]. El entrenamiento en pacientes con 
osteoporosis debe incluir actividades con un bajo riesgo de caída [148].   
En pacientes con cáncer tratados con quimioterapia o radioterapia la práctica de 
ejercicio físico está contraindicado cuando la concentración de leucocitos cae por 
debajo de 0.5 x 109/L, hemoglobina por debajo de 10g/ dL, plaquetas por debajo de 
20 x 109/L y temperatura corporal por encima de 38 ºC. Los pacientes con 
metástasis óseas no deben realizar entrenamiento de fuerza con carga elevada. En 
casos de infección, se recomienda detener el entrenamiento de forma inmediata 





entonces reanudar lentamente el entrenamiento [148].  Una de las principales 
preocupaciones es si la práctica de ejercicio influye sobre los efectos 
anticancerígenos de la terapia citotóxica convencional. La posible interacción entre 
el ejercicio y la eficacia de la quimioterapia es biológicamente plausible. De hecho, 
estudios preclínicos previos han informado tanto de un posible efecto inhibidor 
[225] así como de un posible efecto estimulador [226] del entrenamiento de 
resistencia en el crecimiento del tumor mamario así como su progresión, aunque 
otros han informado de que no hay ninguna asociación [227].  
En pacientes diabéticos (tanto tipo I como tipo II), el ejercicio debe ser suspendido 
si la glucosa en sangre es > 2.5 g/L con cetonuria o si la glucosa en sangre es > 3.0 
g/L. En los pacientes con hipertensión y retinopatía proliferativa activa, el 
entrenamiento de alta intensidad o el entrenamiento que implica maniobras de 
Valsalva o similares debe evitarse. Los pacientes con neuropatía o con úlceras 
incipientes en el pie deben abstenerse de realizar actividades que impliquen el 
impacto del propio peso del cuerpo sobre el cojinete plantar. 
En enfermedades relacionadas con el síndrome metabólico, tales como resistencia a 
la insulina, la dislipemia y la obesidad, no existen contraindicaciones generales, 
pero el entrenamiento debe tener en cuenta las comorbilidades [148]. Finalmente, 
los pacientes hipertensos con una presión arterial > 180/105 deben comenzar un 
tratamiento farmacológico antes de iniciar la actividad física regular 
(contraindicación relativa) [228]. No hay evidencias de un mayor riesgo de muerte 
súbita o de accidente cerebrovascular en personas con hipertensión físicamente 
activas [229].  El ACSM recomienda precaución al realizar ejercicio dinámico muy 
intenso o entrenamiento de fuerza con pesas y pesos elevados. Los pacientes con 
hipertrofia cardiaca izquierda deben ser especialmente cautelosos con el 
entrenamiento de fuerza intenso. Los pacientes con enfermedad coronaria deberían 





Es bien sabido que las contracciones musculares excéntricas provocan un daño 
estructural en las células musculares o reacciones inflamatorias en el propio 
músculo, evidenciado por ejemplo por un incremento en las actividades 
plasmáticas de enzimas citosólicos [26]. La severidad del daño y la extensión de las 
molestias se agrava con el tiempo y puede durar varios días. Los efectos 
perjudiciales de la actividad muscular excéntrica pueden afectar a las sesiones de 
ejercicio posteriores debido al dolor muscular residual, la restricción de 
movimiento y la capacidad reducida para hacer ejercicio a una intensidad que 
puede ser beneficiosa para el deportista [230]. Por lo tanto, se debe tener 
precaución con los programas de ejercicio que incluyen contracciones excéntricas, 
especialmente en practicantes recreativos o de edad avanzada. 
Por lo que respecta a las personas mayores, en muchas ocasiones conviven con 
enfermedades crónicas, trastornos geriátricos cognitivos, visuales, auditivos y 
disminuciones en la reserva fisiológica [22]. Esta población tiene una mayor 
susceptibilidad a las enfermedades relacionadas con la edad, como son el cáncer, 
las enfermedades cardiovasculares y neurodegenerativas y la diabetes [22]. Aunque 
tanto el sistema cardiovascular como el pulmonar se benefician significativamente 
de la actividad física, también existen contraindicaciones cuando el ejercicio se 
realiza por personas mayores con afectación cardíaca o pulmonar [231]. La 
incidencia de insuficiencia cardíaca aumenta con la edad, debido en gran parte al 
desarrollo de factores de riesgo como la hipertensión y la enfermedad arterial 
coronaria [232]. Las exacerbaciones agudas de la enfermedad pulmonar obstructiva 
crónica se asocian con mayores índices de mortalidad y hospitalización, 
especialmente en pacientes de edad avanzada [233]. Con el envejecimiento, hay 
una reducción significativa en la formación ósea. La pérdida ósea relacionada con 
la edad también se observa en varones [234]. Por tanto, el entrenamiento de los 





Por lo tanto, el ejercicio físico debe ser prescrito con mucha precaución y de forma 
individualizada en esta población. 
 
2.3.10. Miméticos del ejercicio 
A pesar de la clara evidencia que muestra la poderosa influencia del ejercicio sobre 
la salud, la falta de actividad física sigue siendo un problema grave y urgente de 
salud pública. Los avances tecnológicos y los incentivos económicos fomentan la 
inactividad física [235]. Por otra parte, el ejercicio de resistencia también puede ser 
inaccesible para muchas personas al no poderse practicar debido a las limitaciones 
físicas o, como se mencionó en la sección anterior, a los efectos secundarios. Este 
hecho estimula la búsqueda de sustancias miméticas del ejercicio (o "píldoras del 
ejercicio") que imitan los efectos del ejercicio físico, y por lo tanto, ha sido objeto 
de importantes investigaciones en las últimas décadas [236]. 
El ejercicio físico de resistencia mejora el rendimiento mediante la activación de 
varias vías que inducen cambios genéticos, particularmente en el músculo-
esquelético, aumentando el metabolismo aeróbico y la vascularización para en 
última instancia mejorar el rendimiento [237]. La quinasa activada por 
monofosfato de adenosina (AMPK) se activa por el ejercicio y es el interruptor 
fundamental para el cambio a miofibras aeróbicas mediado por el ejercicio en el 
músculo-esquelético [238]. La AMPK estimula las vías catabólicas y suprime las 
vías anabólicas en un esfuerzo para restaurar los niveles celulares de ATP y se 
activa en el músculo-esquelético tanto por el ejercicio físico agudo como por el 
crónico [182,239]. Se ha publicado recientemente que la biomolécula 5-
aminoimidazol-4-carboxamida-1-beta-D-ribofuranosido (AICAR) puede imitar el 
efecto del ejercicio aumentando en contenido de GLUT-4 y la actividad 
hexoquinasa, incrementando el contenido mitocondrial a nivel muscular, así como 
reestableciendo el contenido de glucógeno [240]. La biogénesis mitocondrial es 





un complejo transcripcional con el receptor-δ activado por la proliferación del 
peroxisoma (PPARδ) donde puede potenciar la actividad del receptor a través de la 
interacción directa proteína-proteína y/o mediante la fosforilación y la activación 
de coactivadores, tales como PGC-1α [242].  Puigserver y colaboradores [243] 
identificaron a PGC-1α como el regulador maestro de la mitocondriogénesis tisular 
en mamíferos. Koves y colaboradores [244] observaron que PGC-1α media la 
remodelación metabólica de los miocitos, mimetiza el ejercicio  y revierte la 
ineficiencia mitocondrial inducida por lípidos. Por lo tanto, el entrenamiento y el 
tipo de fibra oxidativo se asocian con un aumento de la expresión de PGC-1α 
[245]. La sobreexpresión de PGC-1α en ratones induce cambios dramáticos en el 
músculo esquelético, tales como el aumento de la biogénesis mitocondrial y la 
remodelación de las fibras musculares [246]. Además, PGC-1α puede ser activado 
por la vía de señalización de Ca+2 en la que están implicadas la calcineurina y la 







































La modulación de los niveles de PGC-1α en el músculo-esquelético es crucial para 
la prevención y el tratamiento de las enfermedades relacionadas con la edad [248]. 
En consecuencia, recientemente hemos propuesto varias intervenciones 
farmacológicas, no hormonales, para prevenir la pérdida de masa muscular y la 
sarcopenia, tales como activadores de PGC-1α, antagonistas del receptor de 
angiotensina II y el alopurinol (Ver Figura 6) [20]. 
Por otra parte, la activación o la sobreexpresión del factor de transcripción PPARδ 
en el músculo-esquelético también resulta en un incremento en la biogénesis 
mitocondrial y en la proporción de fibras musculares oxidativas [240]. Esto 
produce un aumento en la resistencia aeróbica y protege frente a la obesidad y la 
diabetes tipo 2 inducidas por la dieta. Lo contrario también es cierto: en animales 
KO para PPARδ se ha observado una pérdida dependiente de la edad de fibras 
musculares oxidativas, de resistencia y de sensibilidad a la insulina [249]. Así pues, 
también se han identificado y propuesto como fármacos miméticos del ejercicio de 
resistencia varios agonistas potentes y selectivos de PPARδ tales como GW1516 
[240].  
El resveratrol ha sido también considerado como un mimético del ejercicio. Dosis 
elevadas de resveratrol mejoran la resistencia física [250]. La enzima deacetilasa 
Sir2 y sus homólogo en mamíferos SIRT1 han sido identificadas como sus posibles 
dianas principales. El resveratrol también activa AMPK en cultivos celulares y se 
ha propuesto para prevenir la disfunción mitocondrial [251] y la atrofia muscular 
asociada a la descarga mecánica [252]. En cambio, se ha demostrado muy 
recientemente en un modelo animal que, mientras que el ejercicio físico incrementa 
la actividad/contenido de proteínas oxidativas, DNA mitocondrial y proteínas 
angiogénicas a nivel músculo-esquelético y reguladas por PGC-1α, el resveratrol 
no tiene ningún efecto adicional [253]. Tampoco se observó ningún efecto cuando 
únicamente se administró resveratrol sin la combinación con ejercicio [253]. Este 





alta intensidad y suplementados con resveratrol, no sólo que la suplementación con 
resveratrol no produjo ningún efecto sobre los niveles de SIRT1, sino que además 
la suplementación con resveratrol puede mitigar los efectos beneficiosos que el 
entrenamiento induce sobre el sistema cardiovascular [254].  
La remodelación muscular a través del ejercicio físico es extremadamente 
compleja, con muchas enzimas de señalización, factores de transcripción, 
transportadores y chaperonas implicados [255].  Por lo tanto, hay muchas dianas 
disponibles para imitar las adaptaciones del músculo-esquelético inducidas por el 
ejercicio físico, y en definitiva, el ejercicio de resistencia induce un mayor 
potencial oxidativo y la reprogramación de las fibras musculares. Sin embargo, el 
ejercicio está relacionado con otras múltiples adaptaciones fisiológicas que afectan 
a la gran mayoría de los órganos. Parece prematuro concluir que todas estas 
moléculas o sustancias son miméticas del ejercicio hasta que se investiguen los 
efectos en otros órganos. La aplicabilidad de estos compuestos en la actualidad es 
limitada y es por ello que se sigue investigando en este campo. 
El ejercicio físico puede ser tan beneficioso para la salud que debería ser 
considerado como un medicamento. Al igual que con cualquier otro medicamento, 
la dosificación es muy importante. De lo contrario, puede producir efectos 
secundarios desfavorables. 
Algunos de los efectos favorables del ejercicio se aplican a la población general. 
Entre los más destacados son su papel en la prevención de enfermedades y en la 
promoción de una longevidad saludable (Ver Figura 4). Pero el ejercicio también 
puede ser considerado como tratamiento de las enfermedades establecidas tales 









2.4. LA BIOGÉNESIS MITOCONDRIAL EN EL ENVEJECIMIENTO Y SU 
INDUCCIÓN POR EL EJERCICIO FÍSICO. 
 
Las mitocondrias son uno de los orgánulos celulares más ampliamente estudiados. 
Su función clásica es la de producir energía a través de la cadena respiratoria. Sin 
embargo, muchas más funciones han ido emergiendo y en particular las 
relacionadas con el papel de estos orgánulos en la señalización celular. Por 
ejemplo, las mitocondrias generan señales que son esenciales para el inicio de la 
ruta mitocondrial de la apoptosis. Ésta se desencada por la liberación de citocromo 
c en condiciones adecuadas, lo que conduce a la activación de la caspasa-3 y 
finalmente a la muerte celular [256]. Más recientemente, varios grupos de 
investigación han conseguido evidenciar científicamente que proteínas, que hace 
algunos años se consideraban únicamente citosólicas, penetran en las mitocondrias 
y controlan sus funciones.  Una de ellas, y muy importante, es la MAPK 
denominada JNK, que penetra en la mitocondria y regula la enzima crítica piruvato 
deshidrogenasa por fosforilación [257,258]. Muy recientemente, se ha demostrado 
que la telomerasa también se acumula en las mitocondrias y de hecho sirve como 
un antioxidante en este orgánulo [259]. Por lo tanto, la importancia de las 
mitocondrias en la función celular continúa siendo objeto de estudio. 
Las mitocondrias están involucradas en el ejercicio físico y el envejecimiento 
[260]. El hecho de que el entrenamiento físico, en particular el entrenamiento 
aeróbico, es un estímulo muy claro para activar la mitocondriogénesis está fuera de 
toda duda. En animales o en sujetos que entrenan se ha observado que poseen un 
mayor número de mitocondrias con un aumento ulterior de la capacidad de 
utilización de oxígeno [183,260,261].   
Las mitocondrias son también muy importantes en el envejecimiento. De hecho, la 
teoría de los RLs del envejecimiento fue postulada por primera vez en 1956 por 





Chance. Estos autores observaron que el 2% de oxígeno consumido por las 
mitocondrias en estado 4 se convierte en peróxido de hidrógeno [263]. Esto llevó a 
Denham Harman a postular que las mitocondrias pueden ser críticas en la 
generación de radicales libre responsables del daño asociado al  envejecimiento. 
Esta teoría fue perfeccionada por Jaime Miquel, que en los años 70 reformuló la 
teoría de los RLs del envejecimiento. Dos contribuciones cruciales de Miquel 
fueron: que subraya la importancia del ADN mitocondrial como una diana de los 
oxidantes producidos durante el envejecimiento y señala que la mitocondriogénesis 
podría verse afectada en el mismo [264]. La mayoría de los estudios realizados por 
Jaime Miquel en los Estados Unidos durante los años 70 eran básicamente 
histológicos [265]. Más tarde en los años 90 el grupo del Profesor Viña demostró 
que en el envejecimiento las mitocondrias están dañadas [266,267]. Esto fue 
comprobado de forma casi simultánea por el grupo de Bruce Ames [268].  Por otra 
parte, se encontró que el daño oxidativo al ADN mitocondrial está incrementado en 
el envejecimiento y esto podría evitarse mediante la administración de suplementos 
antioxidantes [269]. Así que la predicción inicial de la teoría de los RLs del 
envejecimiento, es decir, que el ADN mitocondrial es una diana clave de los daños 
asociados con el envejecimiento fue confirmado experimentalmente. Sin embargo, 
la predicción de que el envejecimiento estuviese asociado con la renovación 
mitocondrial a nivel celular llevó mucho más tiempo. La razón principal fue que 
era (y sigue siendo) difícil evaluar la cantidad de mitocondrias en una célula, en 
particular de una manera dinámica, es decir, si las intervenciones aceleran o 
disminuyen la velocidad de mitocondriogénesis. Para resolver este problema, fue 
necesario elucidar la vía mitocondriogénica. 
 
2.4.1. La vía mitocondriogénica 
Las mitocondrias se producen continuamente en la célula, y de hecho las 





compartimentos celulares. Por tanto, es fundamental entender los mecanismos por 
los que se sintetizan las mitocondrias. 
De suma importancia en esta vía fue el descubrimiento de PGC-1α, teniendo una 
variedad de funciones muy amplia. Por ejemplo, es un regulador de la defensa 
antioxidante. En esta situación, PGC-1α es capaz de controlar la respuesta celular 
al EO [270]. PGC-1α activa la producción del factor respiratorio nuclear 1 (NRF-1) 
y del factor respiratorio nuclear 2 (NRF-2). Estos factores están implicados en la 
mitocondriogénesis. De hecho, estos dos factores, y de manera más importante el 
NRF-1, son potentes estimuladores de la expresión del factor de transcripción 
mitocondrial A (TFAM), que a su vez es un potente estimulador de la duplicación 
del ADN mitocondrial [243]. Por lo tanto, cuando se requiere activar la 
mitocondriogénesis, PGC-1α se activa, y esto conduce a una activación de NRF-1, 
un aumento posterior en la síntesis de TFAM y un aumento de la duplicación del 
ADN mitocondrial. Esto a su vez conduce a un aumento del número de copias de 
ADN presente en la célula y, finalmente, a la duplicación de las mitocondrias. 
Por lo tanto, ahora somos capaces de diseccionar todo el itinerario 
mitocondriogénico en nuestros intentos de estudiar la velocidad de síntesis de la 






















Figura 7. Representación esquemática de la regulación de la síntesis mitocondrial [19].  
 
2.4.2. La mitocondriogénesis está alterada en el envejecimiento causando 
acumulación de daño en la mitocondria 
Para estudiar la pérdida de estímulos mitocondriogénicos en el envejecimiento se 
puede esperar que para promover la síntesis de estas microorganelas podemos 
utilizar intervenciones como por ejemplo el ejercicio (véase más adelante). Por lo 
tanto, estudiamos la actividad de la vía mitocondriogénica mediante la medición de 
la expresión de PGC-1α, de NRF-1 [243] y finalmente estimamos la cantidad de 
mitocondrias determinando la expresión de citocromo C.  El problema de la 
síntesis de mitocondrias en el envejecimiento ya ha sido experimentalmente 
abordado por el grupo de Gadaleta en Bari desde hace más de una década [271]. 
Actualmente, hemos sido capaces de diseccionar la vía mitocondriogénica y 
determinar la expresión de los diversos componentes de esta vía. Para ello hemos 
utilizado el tejido cardíaco, ya que principalmente contiene células post-mitóticas y 
es de gran importancia en el envejecimiento. La Figura 8 (Panel A) muestra la 





puede observar, la expresión en animales viejos es significativamente inferior a la 
de los jóvenes. De hecho, en los animales viejos nos encontramos con una 
expresión de PGC- 1α aproximadamente un tercio inferior si la comparamos con la 
de los animales jóvenes. Por lo que respecta a NRF-1, el corazón de los animales 
viejos expresa aproximadamente un 25 % menos de NRF-1 en comparación con el 
de los jóvenes (Figura 8; Panel B). La diferencia es altamente significativa. Así 
pues, ambos factores estudiados que activan críticamente la síntesis de 
mitocondrias en miocitos están muy disminuidos en el envejecimiento. Por lo 
tanto, un resultado esperado sería que las proteínas mitocondriales fuesen 
significativamente inferiores en el corazón de los animales viejos, en comparación 
con los animales jóvenes, y esto es de hecho lo que hemos observado. Los niveles 
de citocromo c fueron significativamente inferiores en los animales viejos cuando 
lo comparamos con los jóvenes (Ver Figura 8; Panel C). Por lo tanto, nuestros 
resultados indican que los factores reguladores de la mitocondriogénesis, así como 
sus proteínas constituyentes, son significativamente inferiores en los animales 
viejos cuando los comparamos con los jóvenes. Por otra parte, el hecho de que 
haya significativamente menos mitocondrias en un tejido que tiene que ser muy 
activo, y tan aeróbico como el corazón, nos proporciona las bases para comprender, 
al menos en parte, la cardiomiopatía senil. 
Por supuesto, el hecho de que el entrenamiento aeróbico es tan dependiente de la 
mitocondriogénesis, nos dió una base común para tratar de entender los dos 
mecanismos, la afectación de la vía mitocondriogénica en el envejecimiento y su 
posible prevención mediante el ejercicio. En siguientes apartados se hará referencia 
























































































Figura 8.  La mitocondrogénesis cardíaca está dañada en el envejecimiento. Panel A: expresión de PGC- 1α en 
corazones de animales jóvenes y viejos. La expresión en animales viejos fue significativamente inferior a la de los 
jóvenes. Panel B:  expresión  de  NRF-1  en corazones de animales jóvenes y viejos. De  nuevo,  la  expresión  en 
animales viejos fue significativamente inferior a la de los jóvenes. Panel C: expresión de citocromo c en corazones 
de animales jóvenes y viejos. Los niveles de citocromo c fueron significativamente inferiores en los animales 
viejos cuando lo comparamos con los jóvenes [19]. 
 
2.4.3. Una biogénesis mitocondrial disminuida está asociada con la falta de 
reactividad de PGC-1α 
Los mecanismos que controlan la pérdida de masa muscular son muy relevantes en 
medicina debido a que la contracción muscular está involucrada en la prevención 
de enfermedades crónicas. Por lo tanto, la comprensión de la vía de señalización 
que regula la masa muscular puede proporcionar posibles dianas terapéuticas [272]. 
El envejecimiento muscular es un componente clave en el aumento de la fragilidad 
[273].  La fragilidad es un síndrome altamente prevalente con el aumento de edad y 
se compone de una disminución de la reserva y la resistencia al estrés celular, 
debilidad, disminución de la actividad, pérdida de peso, y mayor vulnerabilidad a 
los efectos adversos para la salud [274]. Uno de los principales componentes de la 





progresiva y generalizada de la masa y la fuerza del músculo-esquelético y con un 
riesgo de resultados adversos tales como la discapacidad física, la mala calidad de 
vida e incluso la muerte [275,276]. La activación de la mitocondriogénesis es 
crítica para prevenir el envejecimiento en el músculo-esquelético. Un músculo 
funcional que no ha perdido la capacidad de sintetizar mitocondrias sanas es un 
factor muy importante en la prevención de la fragilidad [277,278].  Como se 
muestra en la Figura 9, el envejecimiento se ha asociado, en el músculo-
esquelético, con reducciones en la actividad de fosforilación oxidativa mitocondrial 
[279], mutaciones en el DNA mitocondrial [280], reducciones en el contenido de 
DNA mitocondrial [281], disminución de la actividad de la cadena de transporte 
electrónico mitocondrial [282], señalización apoptótica alterada y un aumento en la 
liberación mitocondrial de RLs [283]. Varias estrategias se han desarrollado para 
estimular la biogénesis mitocondrial. Entre ellas se han propuesto diferentes 
compuestos para mejorar el control de la respiración mitocondrial o estimular la 
biogénesis mitocondrial como por ejemplo la pirroloquinolina quinona, resveratrol, 
genisteína, hidroxitirosol, GW1516, AICAR y la quercetina [240,250,284]. En 
estudios in vivo e in vitro se ha demostrado que los niveles de PGC-1α estimulan la 
proliferación mitocondrial en el músculo-esquelético [285]. Un aumento en los 
niveles de PGC-1α en el músculo-esquelético evita la pérdida de masa muscular 
mediante la reducción de la autofagia, de la degradación por el proteasoma y de la 
apoptosis [286]. La autofagia se utiliza para definir el reciclaje controlado y la 
degradación de las estructuras intracelulares (orgánulos disfuncionales y los 
agregados de proteínas) para reponer las reservas de nutrientes y asegurar la 
integridad de la célula y su supervivencia [287]. La acumulación de mitocondrias 
no funcionales en individuos de edad avanzada podría ser contrarrestada 






En un estudio realizado por el grupo de Henriette Pilegaard se ha demostrado que 
se requiere PGC-1α para conseguir los efectos beneficiosos del ejercicio moderado 
en edades avanzadas para mantener el metabolismo mitocondrial y la capacidad 
antioxidante [289]. Estos estudios sugieren que la modulación de los niveles de 
PGC-1α en el músculo-esquelético representa una vía para la prevención y el 











Figura 9. Alteraciones mitocondriales asociadas al envejecimiento en el músculo-esquelético [21]. 
 
2.4.4. Las mitocondrias están dañadas en el proceso de envejecimiento 
En 1996, nuestro grupo estudió la participación de las mitocondrias en el 
envejecimiento utilizando células hepáticas totales y mitocondrias no aisladas 
[267]. Hasta entonces, el daño mitocondrial que conduce al envejecimiento sólo se 
había probado con mitocondrias aisladas. Posteriormente, otros grupos de 
investigación mostraron cambios relacionados con la edad en los sistemas de 
transporte y la función respiratoria mitocondrial utilizando este mismo enfoque 
experimental [290,291]. Determinamos la tasa de gluconeogénesis y de 
cetogénesis, que dependen críticamente de la función mitocondrial, en el hígado de 
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producción de peróxido y el potencial de membrana en las células hepáticas totales 
usando citometría de flujo [267]. Nuestros resultados mostraron, por primera vez 
en células intactas, una correlación entre el deterioro asociado a la edad del 
metabolismo celular y los cambios específicos en la función mitocondrial y en su 
morfología. Esto fue confirmado casi simultáneamente por el grupo de Bruce Ames 
[268]. También se observó que la actividad respiratoria mitocondrial no sólo 
disminuye con la edad en el hígado, sino también en otros tejidos tales como el 
músculo y el cerebro. 
 
2.4.5. La mitocondria como una fuente de radicales libres 
Las mitocondrias han sido reconocidas clásicamente como los orgánulos que 
producen la energía necesaria para los procesos endergónicos de la vida celular a 
través de la cadena respiratoria, pero también se consideran como la fuente celular 
generadora de RLs más importante, como principal reguladora de los RLs y 
acciones tóxicas, y como una fuente de moléculas de señalización que regulan el 
ciclo celular, la proliferación y la apoptosis [292]. La aparición de los RLs en los 
procesos biológicos es ampliamente aceptada [1]. Más del 95% de todo el oxígeno 
que respiramos se somete a una reducción para producir agua en la cadena de 
transporte electrónico mitocondrial. La citocromo oxidasa es el aceptor terminal de 
electrones en la cadena y debe liberar sus equivalentes reductores para permitir el 
transporte de electrones continuado y la producción de ATP [292]. Aunque la 
cadena de transporte electrónico mitocondrial es un sistema muy eficiente, 
predispone a cada portador de electrones a reacciones secundarias con oxígeno 
molecular. Si un átomo/molécula contiene uno o más electrones desapareados se le 
conoce como un "radical libre" [293]. Los principales RLs que se generan en las 
células son el anión superóxido (O2•−) y el óxido nítrico (NO•) [294]. La generación 
mitocondrial de estos RLs, así como la de peróxido de hidrógeno (H2O2) y 





ROS bajo condiciones fisiológicas [292]. Las mitocondrias parecen ser 
(cuantitativamente) el sitio celular más importante de producción de O2•− y H2O2 en 
mamíferos, y la concentración en estado estacionario de O2•− en la matriz 
mitocondrial es de aproximadamente 5 a 10 veces más alta que en el citosol y el 
núcleo [292]. Por lo tanto, los componentes mitocondriales están expuestos a un 
alto flujo de RLs. Éstos causan daños a los componentes mitocondriales e inician 
procesos de degradación. El término EO fue acuñado por primera vez por Helmut 
Sies en 1985 como "una alteración en el equilibrio prooxidante-antioxidante a 
favor del primero" [295,296]. Aunque esta definición se ha usado ampliamente 
durante más de dos décadas, es probable que la definición de EO sufra 
modificaciones en el futuro. En un esfuerzo para afinar la definición de EO, Dean 
Jones ha propuesto que este término debe volver a definirse como "una 
interrupción de la señalización y el control redox"[297]. 
 
2.4.6. Los radicales libres como teoría del envejecimiento: ¿es necesaria una 
reformulación? 
Las reacciones tóxicas asociadas al EO constituyen el dogma central de la teoría de 
los RLs del envejecimiento. El envejecimiento se asocia con una pérdida total de la 
función a nivel de todo el organismo que tiene su origen en el deterioro celular. 
Bernard Strehler define el envejecimiento a través de cuatro postulados: El 
envejecimiento es universal, debe ser intrínseco, progresivo y perjudicial [298] (ver 






Figura 10. Características del envejecimiento [299]. 
 
El envejecimiento provoca una pérdida en la capacidad de mantener el medio 
interno de la persona cuando se enfrenta a cambios en el ambiente externo. Por lo 
tanto, el individuo pierde la capacidad de mantener la homeostasis y casi todas las 
funciones fisiológicas pierden eficacia con la edad [300]. 
Las mitocondrias requieren el reciclaje continuo a lo largo de la vida útil y son 
particularmente susceptibles a daño, ya que son el principal mecanismo 
bioenergético y fuente de EO celular [301]. La teoría de los RLs del 
envejecimiento es una de las teorías más prominentes para explicar el 
envejecimiento. La teoría mitocondrial del envejecimiento [302], ha sido estudiada 
en varios laboratorios y hay muchos artículos publicados que la apoyan. Por 
ejemplo, datos de nuestro propio grupo muestran que las mitocondrias de animales 
viejos producen más ROS que las de animales jóvenes [303,304]. Por otra parte, 
existe una relación inversa entre la producción de peróxido mitocondrial y la 
longevidad en mamíferos [305,306]. Estos resultados apoyan la hipótesis de que la 
tasa de generación de oxidantes por las mitocondrias es un factor crítico en el 
envejecimiento [307].  De hecho, la tasa de generación de peróxido aumenta con la 





degeneración celular, y lo estudiaron mediante la microinyección de mitocondrias 
aisladas de fibroblastos de ratas viejas en células de animales jóvenes. Estos 
autores encontraron que las células que habían sido inyectadas con mitocondrias 
"viejas" entraban en senescencia rápidamente [308]. Así pues, la generación de 
RLs por las mitocondrias continua a lo largo de la vida provoca un EO crónico que 
juega un papel crítico en el envejecimiento. Por tanto, la tasa de producción de 
ROS en la mitocondria es un determinante clave de la esperanza de vida, al menos 
ïin embargo, la teoría mitocondrial del 
Sin embargo, la teoría mitocondrial del envejecimiento ha sido cuestionada 
recientemente, existiendo una gran controversia al respecto. Esta teoría ha 
proporcionado un marco teórico para una enorme cantidad de trabajos que han 
conducido a importantes avances en la comprensión del envejecimiento. Hasta el 
cambio de siglo, la teoría recibió abundante apoyo a través de observaciones 
procedentes de campos tan dispares como la fisiología comparativa o la biología 
molecular. Como se ha dicho anteriormente, existen trabajos de muchos 
laboratorios que apoyan la teoría, por ejemplo, muestran que la sobreexpresión de 
enzimas antioxidantes produce incrementos en los años de vida útil [309-313]. Sin 
embargo, otros laboratorios han demostrado que, en algunos casos, un aumento del 
EO no produce un aumento de la longevidad [193,314-316] (Ver Figura 11). El 
descubrimiento de que los RLs no sólo pueden causar daño molecular a las células, 
sino que también sirven como señales, ha dado lugar a la propuesta de que actúan 
como moduladores de procesos fisiológicos. Por ejemplo, las ROS estimulan 
adaptaciones fisiológicas al ejercicio físico.  
Un golpe crítico a la teoría mitocondrial del envejecimiento vino de estudios 
epidemiológicos que muestran que la suplementación antioxidante no bajó la 
incidencia de muchas enfermedades asociadas con la edad, aumentando incluso el 
riesgo de muerte. Por otra parte, evidencias moleculares recientes han demostrado 





[299].  Por lo tanto, los gerontólogos interesados en la biología de los RLs se 
encuentran en una encrucijada y nuevos conocimientos al respecto son necesarios 


























Figura 11. La espada de doble filo de los radicales libres. Tienen efectos horméticos. Cuando los radicales 
causan agresiones graves sobre las biomoléculas provocan daño (es decir, alteraciones irreversibles), mientras 
que cuando la agresión es leve, hay un estrés y éste puede tener efectos de señalización, así como los efectos 
hormeticos ya mencionados [299]. 
 
2.4.7. La mitocondriogénesis en el ejercicio físico está controlada por ROS  
El hecho de que PGC-1α es un regulador maestro de la respuesta celular al EO 
[317] y por lo tanto puede ser un buen sensor para la respuesta celular a los RLs 
nos llevó a postular la idea de que los RLs generados en el ejercicio podrían ser 
señales para aumentar la mitocondriogénesis [40].  De hecho, el trabajo pionero 
llevado a cabo por Kelvin Davies y desarrollado en el laboratorio de Lester Packer 
ya sugirieron esta idea. Cuando estos autores informaron de la primera evidencia 
inequívoca de que los RLs se producen por el músculo en el ejercicio físico, 





radicales [39]. Sin embargo, a principios de los años 80 la idea no podía ser 
probada experimentalmente. Retomamos esta idea casi veinte años después, y 
estudiamos el papel de los oxidantes y antioxidantes en la mitocondriogénesis 
asociada con el ejercicio físico. 
Nuestros estudios previos habían demostrado que la XO es una de las fuentes más 
importantes de generación de ROS asociados con el ejercicio físico agotador. 
Evaluamos esta hipótesis de forma experimental en animales [2,10] y en humanos 
[3,24]. Administramos alopurinol a animales sometidos a ejercicio físico y 
determinamos la activación de vías de señalización que participan en las 
adaptaciones musculares al ejercicio físico (MAPKs y NF-kB) [2,193].   
La Figura 12 muestra que el alopurinol o la vitamina C (que contrarresta las ROS 
por diferentes mecanismos) son capaces de prevenir la activación de MAPKinasas 
y de NF-kB inducidas por el ejercicio en el músculo-esquelético y por lo tanto la 
posterior regulación de la expresión génica de MnSOD, óxido nítrico sintasa 
inducible (iNOS) y óxido nítrico sintasa endotelial (eNOS). Pero los efectos que 
presentamos en la Figura 12 podrían deberse al alopurinol en sí y no a sus efectos 
antioxidantes. Se confirmó que la vitamina C, que actúa por un mecanismo 






























Figura 12. Prevención, por la administración de alopurinol y de vitamina C, de la activación de NF-kB inducida 




La Figura 13 muestra un claro efecto de la vitamina C en la disminución de la 
respuesta mitocondriogénica al ejercicio físico (PGC-1α, NRF-1, TFAM y 
citocromo C).  Tanto la transcripción de RNA como la expresión de proteína 
disminuyen cuando los animales son tratados con vitamina C.  Por lo tanto, la 
inhibición del efecto de los antioxidantes es capaz de obstaculizar la respuesta 
















































Figura 13. Resumen del papel de las ROS  en la señalización de las adaptaciones celulares durante el 
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2.4.8. Especies reactivas del oxígeno, antioxidantes y rendimiento 
El hecho de que la mitocondriogénesis esté inhibida tanto por la administración de 
alopurinol como de vitamina C nos llevó a pensar que el tratamiento con 
antioxidantes durante el entrenamiento podría no ser ventajoso para la eficacia del 
entrenamiento. Esta era una cuestión importante ya que más del 40% de la 
población que hace ejercicio físico en los Estados Unidos y en Europa toman 
regularmente suplementos antioxidantes [318]. Dado que una mitocondriogénesis 
activa es imprescindible durante el entrenamiento aeróbico, el tratamiento 
antioxidante podría dificultar la eficacia de dicho entrenamiento. Un estudio ciego 
(animales) y un estudio doble ciego (humanos) indican que la administración de 
antioxidantes reduce la eficiencia del entrenamiento [40]. La Figura 13 (paneles de 
abajo) indica que, efectivamente, el aumento en el tiempo de carrera hasta el 
agotamiento de las ratas, después de ocho semanas de entrenamiento, fue mucho 
menos pronunciado cuando a las ratas se les administró vitamina C cuando lo 
comparamos con los controles [40]. Del mismo modo, la administración de 1 
gramo de vitamina C al día en el estudio con humanos redujo el incremento en el 
VO2máx que se produce después del entrenamiento aeróbico [40]. Por lo tanto, 
nuestros estudios teóricos sobre la activación de la vía mitocondriogénica inducida 
por el ejercico nos llevó a una conclusión práctica y esto es que no se debe 
administrar antioxidantes a los atletas cuando están entrenando. Así pues, una 
pregunta permanece sin respuesta: ¿debemos dar suplementos antioxidantes a 
cualquier atleta?. Nuestra visión actual es que la suplementación con antioxidantes 
puede ser útil en el ejercicio muy agotador y que puede causar daño muscular (es 
decir, en competición). Sin embargo, no se debe dar antioxidantes cuando los 
atletas están entrenando o preparándose para la competición, ya que puede 
obstaculizar las adaptaciones beneficiosas inducidas por el entrenamiento [40]. 
Estos resultados se han confirmado y ampliado recientemente para el efecto 





colaboradores [201]. Ellos han demostrado que el EO inducido por el ejercicio 
mejora la resistencia a la insulina, causa una respuesta adaptativa y mejora la 
capacidad de defensa antioxidante endógena. La suplementación con antioxidantes 
(vitamina C y E) se opone a los efectos de promoción de la salud inducidos por el 
ejercicio físico en los seres humanos [201]. 
En resumen, se recomienda la administración de antioxidantes en competición, 
pero no durante los periodos de entrenamiento, en los que se necesitan las ROS 
producidas en el ejercicio para lograr adaptaciones musculares máximas. 
Nuestros estudios corroboran la idea de que las ROS no sólo no son perjudiciales 
para las células, sino que tienen una importancia crítica como señales celulares 






































 A. OBJETIVOS DE LA INVESTIGACIÓN 
 
 En base a lo expuesto anteriormente, los OBJETIVOS que se acometen en la 
presente tesis doctoral son: 
 
Objetivo nº 1.-  Determinar el papel de la enzima XO en el daño oxidativo, 
músculo-esquelético y cardiovascular mediante la valoración de diversos 
biomarcadores clásicos en sangre tales como: MDA, CK, LDH, AST, 
mioglobina, CK-MB y Hs-TnT, así como de nuevos biomarcadores de daño 
cardiovascular: copeptina, MD-proADM, GDF15, PIGF, sVEGFR1/sFLT1 y 
suPAR, en jugadores de fútbol profesional antes y después de un partido. 
 
Objetivo nº 2.- Determinar el efecto del ejercicio físico de muy larga duración 
sobre nuevos biomarcadores de daño cardiovascular y renal en atletas antes y 
después de una ultramaratón de 100 Km. 
 
Objetivo nº 3.- Analizar las implicaciones del ejercicio físico de alta 
intensidad sobre la longevidad en sujetos entrenados utilizando como modelo 
los ciclistas participantes en el Tour de Francia entre los años 1930-1964. 
 
Objetivo nº 4.- Determinar el papel del entrenamiento aeróbico en la inducción 
de la cascada de la biogénesis mitocondrial y sus implicaciones en el 








































B. DISEÑOS EXPERIMENTALES DE LOS ESTUDIOS REALIZADOS 
SEGÚN OBJETIVOS 
 
OBJETIVO 1: Determinar el papel de la enzima XO en el daño oxidativo, 
músculo-esquelético y cardiovascular mediante la valoración de diversos 
biomarcadores clásicos en sangre, así como de nuevos biomarcadores de daño 
cardiovascular, en jugadores de fútbol profesional antes y después de un 
partido. 
 
Doce jugadores del Valencia Club de Fútbol (Edad: 25±2 años; Peso: 75,0±8,2 Kg; 
Altura: 1,80±0,1 m; Masa corporal magra: 36,2±3,0 Kg; Masa corporal grasa: 
8,1±1,0 Kg) fueron divididos en dos grupos experimentales. Una dosis oral de 300 
mg de alopurinol se administró a seis jugadores cuatro horas antes de un partido de 
Primera División de la Liga de Fútbol Española (grupo alopurinol). Los otros 6 
jugadores recibieron placebo (celulosa – grupo placebo) (Ver tabla 2). El partido 
fue el Sevilla C.F. – Valencia C.F.  que se jugó a las 22 horas y durante la segunda 
mitad del partido se cambiaron dos jugadores. Estos jugadores también se 
incluyeron en el estudio, mientras que el portero fue excluido. A los jugadores se 
les ofreció bebidas ad libitum (sin vitaminas antioxidantes añadidas) durante el 
partido para evitar la deshidratación. Se les solicitó el consentimiento informado 
por escrito antes de la participación en el estudio. El alopurinol no se encuentra en 
la lista de sustancias prohibidas por la Agencia Mundial Antidopaje (AMA) o de la 
Fédération Internationale de Football Association (FIFA). 
El estudio cumple con la Declaración de la Asociación Médica Mundial de 
Helsinki y los principios éticos para las investigaciones médicas en seres humanos. 
El protocolo experimental fue aprobado por el Comité de Ética de Investigación 
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Tabla 2. Esquema del diseño experimental 
 
Extracción, recogida y conservación de muestras 
Muestras de sangre venosa se obtuvieron antes del partido (Basal) y doce horas 
más tarde (Post-partido). Todas las muestras de sangre se recogieron en tubos de 
vacío, a la misma hora y en las mismas condiciones (temperatura y humedad), por 
punción de una vena superficial de la fosa antecubital después de que los sujetos 
hubiesen permanecido sentados durante 10 min. La extracción de sangre se realizó 
en ayunas. Ninguna muestra fue descartada debido a la flebotomía insatisfactoria, 
dificultad en la localización de un acceso venoso, la falta de sentido, hemólisis o 
lipemia visible.  
Se recogieron un total de 2 muestras de sangre de un volumen aproximado de 11 
mL distribuidos en 3 tubos Vacutainer: 1) 3,5 mL se recogieron en tubo seco. 
Todos estos tubos se dejaron en posición vertical durante 45 minutos a temperatura 
ambiente (20ºC) para permitir la coagulación completa antes de la centrifugación 
[321]. El suero se separó luego por centrifugación a 1500 xg durante 15 min a 
temperatura ambiente, se almacenó en alícuotas y se mantuvo congelado a -20ºC 
hasta la medición. 2) 3,5 mL se recogieron en tubos con EDTA. 3) 3,5 mL se 
recogieron en tubos con heparina. Del mismo modo, el plasma se separó luego por 
centrifugación a 1500 xg durante 15 min a temperatura ambiente, se almacenó en 
alícuotas y se mantuvo congelado a -20ºC hasta la medición. 






1.- Tubo seco o con heparina para medir CK, CK-MB, LDH GOT, GPT, 
GGT, Myo, Hs-TnT, NT-proBNP, CoP, MR-proADM, GDF15, sVEGFR-
1/sFLT-1, PlGF, suPAR:  
          1.1. Extraer 3,5 ml de sangre  
1.2. Centrifugar 1500 xg durante 15 minutos.  
          1.3. Recoger suero, alicuotar en al menos 5 eppendorfs  
          1.4. Colocar en hielo y congelar a -20ºC    
2.- Para medir MDA y grupos carbonilos en proteínas plasmáticas:  
2.1. Extraer 3,5 ml de sangre en tubo con EDTA.   
      2.2. Centrifugar a 1500 xg durante 15 minutos. 
       2.3. Recoger plasma, alicuotar en al menos 5 eppendorfs  
       2.4. Colocar en hielo y congelar a -20ºC  
 
Determinaciones  
Todas las alícuotas de suero se descongelaron al mismo tiempo. Las 
concentraciones de ácido úrico en suero, CK, CK-MB, LDH, GOT, GPT, GGT, 
Myo, Hs-TnT, NT-proBNP, CoP; MR-proADM; GDF15; sVEGFR-1/sFLT-1; 
PlGF; suPAR; MDA (Ver Tabla 3) fueron analizados por duplicado 
inmediatamente después de la descongelación. Los detalles de los métodos 
utilizados para realizar cada una de las determinaciones se pueden encontrar más 
detalladamente en las correspondientes publicaciones [11-13](Ver Apéndice 2).  
 
Análisis estadístico 
Se utilizó un análisis de la varianza de dos vías con medidas repetidas para 
determinar la diferencia entre los dos parámetros durante el experimento (Basal 
frente a Post-partido). Cuando se encontró una diferencia, se realizaron 





realizó con programa Analyse-it para Microsoft Excel (Analyse-it Software Ltd, 





BIOMARCADORES  DESCRIPCIÓN ESPECIFICIDAD 
CK  Creatin quinasa Muscular 
CK-MB  Creatin quinasa – isoforma cardíaca Muscular-cardíaco 
LDH  Lactato deshidrogenasa Muscular 
AST  Aspartato aminotransferasa Muscular 
ALT  Alanina aminotransferasa Hepático 
GGT  Gamma-glutamil transferasa Hepático 
Myo  Mioglobina Muscular 
Hs-TnT  Toponina T de alta sensibilidad Muscular-cardíaco 
NT-proBNP  
Fracción amino terminal del péptido 
natriurético cerebral 
Muscular-cardíaco 
CoP  Copeptina Cardíaco 
MR-proADM  Región media de la proadrenomedulina Cardíaco 
GDF15  Factor de diferenciación de crecimiento 15 Cardíaco y renal 
sVEGFR-1/sFLT-1  








Receptor del activador del plasminógeno 
soluble en uroquinasa 
Inflamación 
MDA  Malondialdehido Peroxidación lipídica 
 
 






OBJETIVO 2: Determinar el efecto del ejercicio físico de muy larga duración 
sobre nuevos biomarcadores de daño cardiovascular y renal en atletas antes y 
después de una ultramaratón de 100 Km. 
 
La población de estudio consistió en 16 atletas varones de raza caucásica 
entrenados (edad media: 42 años. Rango de edad: 34 - 52 años), que hicieron un 
entrenamiento específico de resistencia de entre 3 a 10 años (media de 
entrenamiento  240 ± 32 min/semana; consumo máximo de oxígenoVO2max: 65 ± 2 
ml/kg/min). Todos los atletas corrieron un ultramaratón de 60 km equipados con un 
monitor de frecuencia cardíaca (HR) a 80 ± 4% del VO2 máx (el % se calculó de 
acuerdo a la relación VO2/HR determinados con el test incremental). Ninguno de 
los atletas padecía enfermedades agudas o crónicas, o informó la ingesta de 
medicamentos, incluyendo antioxidantes o nicotina. 
El ejercicio vigoroso se evitó 36-48 h antes de la prueba. La carrera se inició a las 
8:00 y se llevó a cabo en un recorrido ondulado y exigente, en un día parcialmente 
nublado y lluvioso, con una temperatura de entre 6°C y 8°C, y una humedad del 
54% al 87 %. A los atletas se les ofrecieron bebidas ad libitum durante la carrera 
para evitar la deshidratación excesiva. 
Dos muestras de sangre y orina fueron recogidas. Una después de un período de 
ayuno de 8 horas, 20 minutos antes de iniciar el calentamiento ("pre-ejercicio"), y 
otra dentro de los 10 minutos después de la finalización de la carrera ("post-
ejercicio"). La sangre se recogió en tubos de vacío sin aditivos (Becton - 
Dickinson, Oxford, Reino Unido). La orina y el suero se almacenaron en alícuotas 
y se mantuvieron congeladas a -20ºC hasta la medición. Todos los sujetos dieron su 
consentimiento informado, y el estudio se llevó a cabo de conformidad con la 








Todas las muestras de suero y orina se descongelaron al mismo tiempo. Las 
concentraciones de EGFR, creatinina sérica y urinaria, albúmina, NGAL sérico y 
urinario, copeptina y MR-proADM fueron analizados por duplicado 
inmediatamente después de la descongelación. Los detalles de los métodos 
utilizados para realizar cada una de las determinaciones se pueden encontrar más 
detalladamente en las correspondientes publicaciones [14,322](Ver Apéndice 2).  
 
Análisis estadístico 
Los tests de Wilcoxon y de χ2 (para variables categóricas) se utilizaron para 
evaluar la importancia de las variaciones inducidas por el ejercicio. Los datos con 
una distribución no normal se normalizaron usando una transformación logarítmica 
antes del análisis. El análisis estadístico se realizó a través del programa Analyse-it 
para el software Excel (Analyse-it Software, Leeds, Reino Unido) y el nivel de 
significación estadística se estableció en p<0,05. Los datos se muestran como 

















OBJETIVO 3: Analizar las implicaciones del ejercicio físico de alta intensidad 
sobre la longevidad en sujetos entrenados utilizando como modelo los ciclistas 
participantes en el Tour de Francia entre los años 1930-1964. 
 
De los 1.318 participantes que han participado en el Tour de Francia (TdF) entre 
los años 1930 y 1964, sólo 1.229 corredores se consideraron para nuestro estudio 
por haber obtenido su fecha de nacimiento y defunción. Los ciclistas que no 
completaron todas las etapas del TdF se excluyeron. Otros criterios de exclusión 
para este estudio fueron: ciclistas que hubiesen participado en el TdF antes de 1930 
o después de 1964 y de haber nacido en un país que hubiese contribuido con menos 
de 100 participantes durante este período. De estos 1.229 ciclistas, todos hombres, 
834 procedían de Francia (n = 465), Italia (n = 196) y Bélgica (n = 173), lo que 
representa el 68 % de los participantes en el TdF en los años estudiados. El resto 
procedía de 21 países diferentes (véase Figura 14), cada una representada por sólo 
un pequeño número de ciclistas. Para simplificar, nos centramos en los tres países 
con el mayor número de participantes en el TdF y comparamos su longevidad con 
la de la población media en sus respectivos países. Además, estos países tienen un 
registro demográfico de la población desde el siglo XIX, lo que nos permitió la 
comparación de las tasas de supervivencia de los ciclistas participantes en el TdF 
con la población general. Sólo datos muy dispersos se pueden obtener en la 
literatura sobre los ciclistas que participaron en el TdF antes de 1930. Por supuesto, 
de los que participaron en años posteriores a 1964, muchos todavía están vivos y la 
tasa de supervivencia no se puede calcular. Esto nos deja con una amplia muestra 
de 834 ciclistas (de un total posible de 1.318)  que constituyen una muestra 
representativa de los participantes en el TdF. Las tasas de supervivencia para los 
participantes en el TdF entre 1930 y 1964 corresponden a los años de nacimiento 
entre 1892 y 1942. Esto se comparó con la de la población general, es decir, los 





estudiados). Nuestros datos provienen de tres sitios web electrónicos oficiales 
(www.letour.fr, www.cyclingarchives.com, www.memoire-du-cyclisme.net), que 
contienen información detallada acerca de cada ciclista que haya tomado parte en 
el TdF, incluyendo las fechas de nacimiento y muerte. La edad media de muerte 
para hombres de la población general en los países de origen se calculó a partir de 
datos obtenidos de la base de datos de mortalidad humana (www.mortality.org). 
Las fechas de nacimiento y muerte, así como el porcentaje de supervivientes para 
cada edad, a 31 de diciembre de 2007, se registraron para el cálculo de la curva, 
tanto para la población general como para los ciclistas. El porcentaje de 
supervivencia de los ciclistas nacidos en cada año (1930-1964) se representó y se 
comparó con los valores calculados para la población general y para los grupos de 
edad correspondientes de Francia, Italia y Bélgica. 
La variable denominada "porcentaje de supervivientes" se define de la siguiente 
manera: número de personas nacidas en un año dado que estaban vivos a 31 de 
diciembre 2007 dividido por el número de personas nacidas en ese año. La variable 
"Edad" se calcula como: 2007 - año de nacimiento. Lo mismo se aplica para los 


































Figura 14. Distribución por países de los ciclistas que participaron en el TdF entre los años 1930 y 1964. ARG: 
Argentina; AUS: Australia; AUT: Austria; BEL: Bélgica; DEN: Dinamarca; ENG: Inglaterra; ESP: España; 
FRA: Francia; GER: Alemania; ITA: Italia; IRL: Irlanda; LIE: Liechtenstein; LUX: Luxemburgo; MAR: 
Marruecos; NED: Holanda; POL: Polonia; POR: Portugal; ROM: Rumanía; SWE: Suecia; SUI: Suiza; YUG: 




Se realizó un estudio de casos y controles. El análisis estadístico se realizó con el 
software para Windows SPSS (Chicago, IL, USA; versión 17.0). Se ajustaron las 
curvas de regresión polinómica para cada población y se midieron las áreas bajo la 
curva. La significación estadística de la diferencia entre las áreas se calculó por el 
estadístico z. El test no paramétrico Mann-Whitney U se aplicó para comparar el 
porcentaje medio de supervivencia para cada población. El nivel de significación 



















































OBJETIVO 4: Determinar el papel del entrenamiento aeróbico en la 




Para los experimentos de ejercicio veinticuatro ratas Wistar macho se dividieron 
aleatoriamente en cuatro grupos experimentales: jóvenes no entrenadas (n = 6), 
jóvenes entrenadas (n = 6), viejas no entrenadas (n = 6) y viejas entrenadas (n = 6). 
Para los experimentos de inducción de frío dieciséis ratas Wistar macho se 
dividieron aleatoriamente en cuatro grupos experimentales: jóvenes control (n = 4), 
jóvenes expuestas al frío (n = 4), viejas control (n = 4), viejas expuestas al frío (n = 
4). Para los experimentos con hormona tiroidea, dieciséis ratas Wistar macho se 
dividieron aleatoriamente en cuatro grupos experimentales: jóvenes control (n = 4), 
jóvenes tratadas con triyodotironina − T3 − (n = 4), viejas control (n = 4), viejas 
tratadas con T3 (n = 4). En todos los modelos experimentales las ratas viejas eran 
de 24 meses de edad y las jóvenes eran de 3 meses de edad.  
 
Ratones 
La generación y el fenotipo de los ratones KO PGC-1α se han descrito 
anteriormente [323]. Veintisiete ratones macho (14 WT y 13 KO de PGC-1α) 
fueron divididos aleatoriamente en cuatro grupos experimentales: WT no 
entrenados (n = 6), WT entrenados (n = 8), KO de PGC-1α no entrenados (n = 7) y 
KO de PGC-1α entrenados (n = 6). Los animales fueron proporcionados por el 
Centro Nacional de Investigaciones Cardiovasculares Carlos III (CNIC, Madrid. 
España). Los animales tenían de 5 a 6 meses de edad al inicio del protocolo 
experimental.  
Todos los animales fueron alimentados con una dieta de laboratorio ad libitum 





un ciclo de luz/oscuridad de 12h/12h. El protocolo experimental fue aprobado por 
el Comité de Ética en Investigación Animal de la Facultad de Medicina de la 
Universidad de Valencia.  
  
Protocolos de entrenamiento 
Ratas jóvenes y viejas se sometieron a entrenamientos de resistencia (5 
días/semana) en una tapiz rodante (Modelo 1050 LS Exer3/6; Columbus 
Instruments, Columbus, OH) al 75% VO2máx [324,325]. Durante todo el 
experimento, el grado de inclinación de la cinta fue del 15% para las ratas jóvenes 
y del 5% para las ratas viejas. Seguimos una modificación del protocolo de Davies 
et al. [326]. La sesión de entrenamiento del primer día fue de 25 y 15 minutos de 
duración para las ratas entrenadas jóvenes y viejas, respectivamente. La duración 
de cada período de entrenamiento se incrementó en 5 min cada día, de manera que 
el último día de la tercera semana, las ratas corrían a una velocidad de 
desplazamiento de 30 m/min (jóvenes) y 15 m/min (viejas) durante 1 hora. Los 
grupos no entrenados se ejercitaron a la misma velocidad durante sólo 10 min cada 
3 días durante las 3 semanas. Se evaluó la capacidad de resistencia, antes y después 
del período de entrenamiento, mediante un test de carrera hasta el agotamiento a 
26,8 m/min y con una inclinación del tapiz del 15% para las ratas jóvenes, y a 18 
m/min y con una inclinación del tapiz del 5% para las ratas viejas [39].  
Los ratones KO de PGC-1α y WT fueron asignados al azar a un grupo 
entrenamiento o control. Los grupos de entrenamiento completaron 4 semanas de 
entrenamiento en tapiz rodante 5 veces por semana y aumentando progresivamente 
hasta los 60 minutos a 20 m/min (10% de inclinación del tapiz) al final de la 
segunda semana. Se evaluó la capacidad de resistencia, antes y después del período 
de entrenamiento, mediante un test de carrera hasta el agotamiento a 20 m/min y 
con una inclinación del tapiz del 10%. Después de los tests, los animales estuvieron 





Protocolo de exposición al frío 
Después de un periodo de aclimatación (1 semana), ratas Wistar macho jóvenes y 
viejas fueron aleatoriamente divididas en dos grupos: animales expuestos al frío 
(4ºC ± 1°C durante 24 horas) y animales control (24ºC ± 1°C) [243]. Los músculos 
fueron extraídos  inmediatamente tras finalizar la exposición al frío. 
 
Tratamiento con triyodotironina (T3) 
A ratas macho Wistar jóvenes y viejas se les inyectó intraperitonealmente T3 (0.4 
mg/kg) o vehículo (0,9% NaCl-propilenglicol; 40:60 vol/vol). Los músculos fueron 
extraídos  6 horas después de las inyecciones [327]. Los músculos gastrocnemio y 
sóleo fueron retirados rápidamente, congelados inmediatamente y conservados a -
80°C. Todos los animales fueron sacrificados mediante una sobredosis de 
pentobarbital sódico.  
 
Determinaciones 
1. Mediante Western Blotting se determinaron las concentraciones de: PGC-
1α, NRF-1, citocromo C y α-Actina. 
2. Mediante el kit de oxidación de proteínas 'OxyBlot' (Intergen) se determinó 
la carbonilación de proteínas como se ha descrito en anteriores estudios 
[328].  
Los detalles de los métodos utilizados para realizar cada una de las 
determinaciones se pueden encontrar más detalladamente en las correspondientes 
publicaciones [23] (Ver Apéndice 2). 
 
Análisis estadístico 
Los resultados se expresan como media ± desviación estándar (SD). La normalidad 
de la distribución se comprobó mediante la prueba de Kolmogorov, y la 





capacidad de resistencia, se realizó un análisis de medidas repetidas de 2 factores. 
Para el análisis del entrenamiento se realizaron medidas repetidas (antes del 
entrenamiento en comparación con después), el segundo factor fue el estado de los 
animales (control o entrenamiento). El principal efecto del entrenamiento fue 
evaluado con la prueba post hoc de Newmann-Keuls. Para el análisis de los 
Western Blot, se utilizó un análisis de la varianza de dos vías (ANOVA) y la 
prueba de Bonferroni post hoc (Sigma Stats, versión 3.11). Los resultados se 






































C. RESUMEN DE LOS RESULTADOS OBTENIDOS 
 
1. Estudio del papel de la enzima XO en el daño oxidativo, músculo-
esquelético y cardiovascular mediante la valoración de diversos 
biomarcadores sanguíneos. 
 
Las lesiones en el fútbol, tanto a nivel profesional como amateur, causan una 
enorme carga para la sociedad en términos de sufrimiento para los propios 
participantes y también en términos económicos. Debido a que el alopurinol es un 
fármaco seguro, se podría considerar la posibilidad de que los jugadores tomasen 
alopurinol para prevenir el daño a nivel músculo-esquelético y cardíaco. Por lo 
tanto, este estudio no solo aborda un problema específico de fisiología deportiva, 
sino también un problema de carácter general. El hecho de que en la última década 
los jugadores profesionales han comenzado a jugar tres partidos a la semana (a 
diferencia de antes, cuando sólo jugaban uno cada fin de semana) le da más fuerza 
a la posible acción preventiva del alopurinol en esta población. Por este motivo 
hemos estudiado el efecto del alopurinol en la prevención del daño músculo-
esquelético y cardiovascular en futbolistas profesionales. 
 
1.1 Efecto de la administración de alopurinol sobre marcadores de daño muscular 
en jugadores de fútbol. 
Los jugadores que recibieron placebo mostraron un aumento significativo en la 
actividad sérica de CK, LDH y AST, y en los niveles séricos de mioglobina 12 
horas después del partido. El alopurinol inhibió los aumentos de CK, AST y la 







1.2. Efecto de la administración de alopurinol sobre marcadores de daño cardíaco 
en jugadores de fútbol. 
Los niveles séricos de CK-MB y Hs-TnT fueron evaluados como marcadores 
específicos de lesión miocárdica. CK-MB y Hs-TnT aumentaron 
significativamente en el grupo placebo, pero no en el grupo tratado con alopurinol. 
No se observaron diferencias significativas entre los grupos placebo y alopurinol 
tras el partido (Ver Tabla 4). 
 
1.3. Efectos del alopurinol sobre los marcadores de daño hepático en jugadores de 
fútbol 
La actividad ALT sérica se midió como biomarcador de daño hepático. La 
actividad de dicha enzima aumentó significativamente después del partido tanto en 
el grupo placebo como alopurinol, poniendo de relieve la falta de efecto del 
alopurinol en la actividad de la ALT a nivel hepático (Ver Tabla 4). 
 
1.4. Efecto de la administración de alopurinol sobre el ácido úrico sérico y la 
peroxidación lípidica plasmática en jugadores de fútbol. 
Para establecer el papel de los RLs derivados de la XO inducidos por el ejercicio 
físico en el daño tisular, determinamos los niveles séricos de ácido úrico en los 
jugadores. Los jugadores a los que se les administró alopurinol, pero no en los del 
grupo placebo, mostraron una disminución significativa en los niveles séricos de 
ácido úrico 12 horas después del partido (Ver Tabla 6). Anteriormente  ya 
observamos que deportistas de alto nivel a los que se les administró alopurinol, 
pero no en los del grupo placebo, exhibieron una disminución significativa de RLs 
derivados de la XO implicados en la peroxidación lipídica [3]. Del mismo modo, 
en este estudio también observamos diferencias significativas en los niveles de 





y alopurinol tras el partido (Ver Tabla 4). El alopurinol previene la peroxidación 
lipídica inducida por el ejercicio físico como reflejan los valores de MDA. 
Para excluir la posibilidad de que los cambios en los biomarcadores se debieran a 
una hemoconcentración, medimos las concentraciones séricas de sodio, calcio y 
GGT. Como no hubo diferencias significativas entre los grupos placebo y tratado 
con alopurinol (resultados no mostrados), llegamos a la conclusión de que los 
cambios observados en los biomarcadores no son una consecuencia de la 
hemoconcentración.  
 
1.5. Variables antropométricas y perfiles de actividad física en los jugadores de 
fútbol.  
Los siguientes datos de actividad se midieron durante el partido: la distancia total 
recorrida, la distancia recorrida a alta intensidad, y la distancia cubierta en carreras 
cortas. No observamos ninguna diferencia significativa entre el grupo placebo y el 
grupo tratado con alopurinol. Asimismo, tampoco se encontraron diferencias en las 
siguientes variables antropométricas: peso, talla, masa grasa y masa muscular, 



































































   Placebo Allopurinol  
  Anthropometric variables  
 
Age (years) 26.3 ± 3.4 25.1 ± 2.2 
 
 
Weight (Kilograms) 78.9 ± 8.9 71.8 ± 6.3 
 
 
Height (meters) 1.8 ± 0.1 1.8± 0.1 
 
 
Muscle mass (Kilograms) 37.5 ± 3.3 35.0 ± 2.6 
 
 
Fat mass (Kilograms) 8.8± 1.5 7.6 ± 1.1 
 
  Physical activity profiles  
 
Total distance (m) 
1sthalf 5508.3 ± 524.2 5321.6 ± 444.2  
  2ndhalf 5235.8 ± 1195.4 5258.6 ± 523.0  
 
Distance covered at HI (21Km/h-
24Km/h) 
1sthalf 349.3 ± 153.0 194.4 ± 81.6  
  2ndhalf 359.0 ± 91.4 298.0 ± 126.1  
 
Distance covered in sprint 
(>24Km/h) (m) 
1sthalf 197.0 ± 98.9 69.0 ± 43.8  
  2ndhalf 160.8 ± 37.3 169.2 ± 110.2  
  HI: High Intensity; m: meters. Values as means ± SD (n=6 placebo; n=6 allopurinol).   
 
 









1.6. Efecto de la administración de alopurinol sobre nuevos biomarcadores de 
daño cardiovascular en jugadores de fútbol 
La concentración de copeptina mostró una disminución tras el partido en el grupo 
placebo, aunque ésta no fue significativa. Sin embargo, en el grupo  alopurinol 
observamos un aumento, aunque tampoco fue significativo, después del partido. 
No se observaron diferencias significativas entre los grupos placebo y alopurinol al 
inicio del estudio, mientras que la diferencia entre los grupos placebo y alopurinol 
después del partido fue estadísticamente significativa (Ver Tabla 6).  
Los niveles de MR-proADM séricos aumentaron significativamente en el grupo 
placebo después del partido (p = 0,02). Del mismo modo, también aumentó en el 
grupo alopurinol, aunque esta variación no fue estadísticamente significativa. No se 
observaron diferencias significativas entre los grupos placebo y alopurinol en 
condiciones basales  o tras el partido (Ver Tabla 6). 
Los niveles séricos de GDF15 aumentaron significativamente tanto en el grupo 
placebo como en el grupo de alopurinol tras el partido. No se observaron 
diferencias significativas entre los grupos placebo y alopurinol, tanto a nivel basal 
como después del partido (Ver Tabla 6). 
Por lo que respecta a la concentración sérica de PlGF y VEGFR1/Flt-1, no se 
observaron cambios estadísticamente significativos antes o después del partido en 
ninguno de los grupos experimentales. Tampoco se observaron diferencias si 
comparamos al grupo placebo con el grupo alopurinol, ni antes ni después del 













 Placebo Alopurinol 
 
 
 Basal Post-match Basal Post-match 
 
  Uric acid (mg/dL) 5.2±0.6 5.3±0.8 5.1±1.2 3.8±0.7$  
  Copeptin (pmol/L) 9.8 ± 6.2 6.9 ± 2.3 9.4 ± 3.6 12.2 ± 4.2*  
  MR-proADM (nmol/L) 0.26 ± 0.10 0.36 ± 0.06# 0.29 ± 0.06 0.35 ± 0.05  
  GDF15 (pg/dL) 227.0 ± 56.6 299.2 ± 70.6# 239.8 ± 73.4 313.1 ± 83.7$  
  PlGF (pg/dL) 2.62 ± 0.20 2.51 ± 0.30 2.81 ± 0.30 2.79 ± 0.30  




Tabla 6. La tabla muestra las tendencias de los biomarcadores séricos en los futbolistas que recibieron placebo 
o alopurinol antes y después del partido. Los valores se muestran  como medias ± SD (n=6 placebo, n=6 
alopurinol). * p<0,05 entre los grupos placebo y alopurinol post-partido; $ p<0,05 entre basal y post-partido 
en el grupo alopurinol; # p<0,05 entre basal y post-partido en el grupo placebo.  
 
1.7. Efecto de la administración de alopurinol sobre los niveles séricos de suPAR 
en jugadores de fútbol. 
La figura 15 muestra los niveles séricos de suPAR antes y después del partido en 
ambos grupos (placebo y alopurinol). La concentración de suPAR aumentó de 2,0 
± 0,3 a 2,3 ± 0,4 ng/mL en el grupo placebo (p = 0,14) y de 1,8 ± 0,5 a 2,0 ± 0,4 
ng/mL en el grupo alopurinol (p = 0,20).  
No se encontraron cambios estadísticamente significativos antes o después del 
partido en ninguno de los grupos experimentales. Además, no se observaron 
diferencias entre los niveles basales  de SuPAR de ambos grupos (2,0 ± 0,3 frente a 







Figura 15. Niveles de suPAR en jugadores de fútbol profesional antes y después de un partido de fútbol.  Los 





















2. Estudio del efecto del ejercicio físico de alta intensidad (ultramaratón) 
sobre diferentes biomarcadores de daño cardiovascular y renal en sujetos 
entrenados. 
 
Todos los atletas que formaron parte de este estudio completaron con éxito la 
ultramaratón, sin síntomas clínicamente significativos. La concentración de 
creatinina aumentó significativamente en un 31% (IQR: 13-58%) después de la 
carrera, mientras que la tasa estimada de filtración glomerular (EGFR) se redujo en 
el mismo grado. Las concentraciones séricas de copeptina y MR-proADM 
aumentaron notablemente después de los 60 km de carrera, 6,4-veces (IQR: 2,7-
10,4) y 2,3-veces (1,8-2,6) (Ver Tabla 7), respectivamente. Se observó una 
correlación altamente significativa entre el aumento delta (es decir, la relación 
entre el valor post- y el valor pre-carrera) de creatinina y MR-proADM (r = -0,680, 
p = 0,004), pero no entre creatinina y copeptina (r = -0,064, p = 0,81) (Ver Figuras 




 Pre-run Post-run  P 
Creatinine (μmol/L)  68 (60-76) 92 (72-114)  <0.001
EGFR (mL/min/1.73 m2)  111 (98-127) 80 (61-106)  <0.001
Copeptin (pmol/L)  5.9 (5.0-10.3) 40.6 (20.3-100.2)  <0.001
MR-proADM (nmol/L)  0.29 (0.27-0.34) 0.68 (0.51-0.80)  <0.001
 
Tabla 7. Variación de la creatinina sérica, tasa estimada de filtración glomerular (EGFR), copeptina y MR-
proADM después de una ultramaratón de 60 km (n = 16) [15]. 
 
Finalmente, el porcentaje de sujetos que muestran valores por encima del límite del 
rango de referencia superior antes de la ultramaratón fue del 0%, tanto para 
copeptina como para MR-proADM, pero aumentó después del ejercicio en un 81% 















































































































Figura 17. Análisis de regresión lineal y el coeficiente de correlación de Spearman (r) entre el aumento delta (es 
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Los cambios de volumen plasmático después de la carrera, calculados como pre- 
(4,51 g/L; IQR: 4,31-4,70 g/L) y post-ejercicio (4,80 g/L; IQR: 4,63-4,96 g/L; p < 
001) a partir de la variación de la concentración de albúmina, fue de un 5,6 % 
(IQR: 2,2%-7,0%). Básicamente, todos los parámetros de la prueba mostraron una 
variación sustancial después del ejercicio. De acuerdo con resultados previos [329-
332], la creatinina sérica y urinaria aumentó en un 38 % (IQR: 14% - 66%) y un 
78% (IQR: 21%-158%), respectivamente. El EGFR disminuyó en un 31%  (IQR: 
14%-44%). sNGAL, uNGAL y la relación uNGAL/creatinina aumentaron 1,6 
veces (IQR: 1,3 a 2,0 veces), 7,7 veces (IQR: 1,9 a 37,3 veces) y 2,9 veces (IQR: 
1,6 a 25,8 veces), respectivamente (Ver Tabla 8). No se observaron valores 
anormales de EGFR (es decir, < 60 ml/min/1,73 m2) en ninguno de los atletas pre-
ejercicio y en cinco atletas (29 %; p = 0,015) después del ejercicio. En seis de los 
16 atletas (38%) , el aumento agudo de la creatinina sérica reunió los criterios de la 
Acute Kidney Injury Network (AKIN) para considerar una enfermedad renal aguda 
(Estadio 1) , que se define como el 50% de aumento en la creatinina sérica [333]. 
En cuanto a los valores de NGAL, se observaron niveles superiores al nivel de 
corte del test (es decir, 200 ng/ml) pre-ejercicio en un atleta para sNGAL y en 
ninguno para uNGAL, así como en uno para sNGAL (es decir, 6% vs 6 %, p = ns) 
y dos para uNGAL (es decir, 0 % vs 12 %, p = 0,144) después del ejercicio (Ver 
Figura 18). 
Curiosamente, no hemos podido observar ninguna relación significativa entre las 
concentraciones antes del ejercicio para sNGAL y uNGAL (r = - 0,147; p = 0,574), 
así como en la relación sNGAL y uNGAL/creatinina antes del ejercicio (r = -0,110; 
p = 0,673). Del mismo modo, no se encontró relación significativa entre los valores 
de sNGAL y uNGAL después del ejercicio (r = 0,085; p = 0,746) ni entre sNGAL 
y la relación uNGAL/creatinina después del ejercicio (r = 0,192; p = 0,460)  
No se encontró un correlación significativa en la variación post- ejercicio de 





(sNGAL frente a uNGAL; r = 0,025; p = 0,925 y sNGAL frente a la relación 
uNGAL/ creatinina;  r = - 0,016; p = 0,950). Por último, se encontró una 
correlación altamente significativa entre los cambios pre- y post-ejercicio de la 
creatinina sérica y sNGAL (r = 0,813; p < 0,001), pero no entre los cambios pre- y 
post- ejercicio de la creatinina sérica y uNGAL (r = 0,248; p = 0,338) o la relación 
uNGAL/creatinina (r = 0,254; p = 0,325).  
 
 Pre-exercise Post-exercise  p-Value 
Serum creatinine (μmol/L) 68 (58-76) 98 (76-118)  <0.001 
Urinary creatinine (μmol/L) 106 (76-142) 168 (138-257)  <0.001 
eGFR (mL/min/1.73 m2) 112 (97-133) 75 (57-99)  <0.001 
Serum NGAL (ng/mL) 105 (86-158) 196 (139-290)  <0.001 
Urinary NGAL (ng/mL) 4.4 (0.5-33.9) 35.6 (12.5-86.3)  <0.001 
Urinary NGAL to creatinine ratio 0.05 (0.01-0.26) 0.17 (0.06-0.60)  <0.001 
 
 













































Figura 18. Variaciones individuales de los niveles de creatinina, EGFR y NGAL después de una ultramaratón de 








3. Estudio de las implicaciones del ejercicio físico de alta intensidad sobre 
la longevidad en sujetos entrenados. 
 
Como hemos visto anteriormente, el ejercicio físico extenuante o de alta intensidad 
produce un incremento en ciertos marcadores de daño muscular y cardíaco. Así 
pues, mientras que los beneficios de la actividad física moderada practicada de 
forma regular se han demostrado claramente, existe una importante controversia 
sobre los posibles efectos adversos del ejercicio físico de alta intensidad practicado 
de forma regular. En este contexto, el efecto de este tipo de ejercicio sobre la 
longevidad de los deportistas de élite es de especial interés, aunque los datos que 
tenemos en la actualidad son escasos. El Tour de Francia (TdF) es sin duda una de 
las competiciones deportivas fisiológicamente más exigentes [334]. El esfuerzo 
realizado se ha comparado con hacer una maratón varios días a la semana durante 
casi tres semanas [335] (Ver Tabla 9), mientras que la altura total de las subidas se 
puede comparar con subir tres veces el Everest. Con la finalidad de comprobar este 
fenómeno hemos analizado la longevidad de los ciclistas que participaron en el 




Average of total kilometers performed per tour 4537.7±238.5 (Km) 
Average total time employed per tour 138.0±16.2 (h) 
Average of completed tours per cyclist 2.4±2.0 (times) 
Average age of cyclists who competed in the tours 27.3±3.6 (years) 
Average speed (all tours) 33.1±2.7 (Km/h) 
 






La Figura 19 muestra que la longevidad de los participantes en el TdF es 
significativamente mayor que la de la población general  (al comparar el área bajo 
la curva correspondiente a los participantes TdF con la de la población general; p 
<0,05). La media de supervivencia entre 65 y 115 años fue del 39,1% en los 
participantes del Tour, mientras que para la población general fue del 21,5%. La 
edad a la que el 50% de la población general murió fue de 73,5 frente a 81,5 años 
en los participantes del TdF, es decir, un 11% mayor (Ver Figura 19).  
Hay que tener en cuenta que los valores en el eje de ordenadas son el porcentaje de 
participantes vivos. Por ejemplo, de los 5 sujetos que nacieron en 1900 y que 
compitieron en el TdF entre 1930 y 1964, 2 estaban vivos el 31 de Diciembre de 
2007 (40%). Teniendo en cuenta todas las edades estudiadas, el porcentaje medio 
de supervivencia de los participantes en el TdF (área bajo la curva) fue de un 17% 






















Figura 19. Porcentaje de supervivencia relacionada con la edad de los participantes en el TdF y la población 
general. Se incluyeron los sujetos nacidos entre 1892 y 1942. La vida media de los participantes en el TdF es 
mayor (p = 0,004; 17,5%) que la población general del mismo país en el que los ciclistas nacieron. La edad 
media en la que el 50% de la población murió fue de 73,5  frente a 81,5 años en los participantes del TdF, es 





4. Estudio sobre el papel del entrenamiento aeróbico en la inducción de 
la cascada de la biogénesis mitocondrial y sus implicaciones en el 
envejecimiento músculo-esquelético. 
 
Uno de los mecanismos por los que el entrenamiento puede ejercer efectos 
beneficiosos sobre la salud de los deportistas es el de la inducción de la 
mitocondriogénesis. En este trabajo nos planteamos su estudio tanto en animales 
jóvenes como viejos y KO de  PGC-1α. 
 
4.1. Efecto del envejecimiento o la supresión de PGC-1α sobre la resistencia 
aeróbica en respuesta al entrenamiento.  
El tiempo de carrera hasta el agotamiento durante un test de resistencia fue 
aproximadamente  un 63% más bajo en las ratas viejas que en las jóvenes (Ver 
Tabla 10a). Del mismo modo, el tiempo de carrera hasta el agotamiento fue 
aproximadamente un 65-70% inferior en los ratones KO de PGC-1α que en los 
animales WT (Ver Tabla 10b). Estos resultados concuerdan con estudios previos 
que demostraron que la capacidad de resistencia es menor en animales KO de 
PGC-1α que en WT [336]. La Tabla 10a también muestra que la intensidad y 
duración del programa de entrenamiento seguido por los animales jóvenes y viejos 
fue suficiente para inducir una mejora significativa en la resistencia aeróbica 
(~200% y ~135%, respectivamente). Asimismo, el protocolo de entrenamiento 
aumentó la capacidad de resistencia tanto en los ratones WT como en los KO de 
PGC-1α (~284% y ~173%, respectivamente) (Ver Tabla 10b).  No se puede 
descartar que las diferencias encontradas en la prueba de resistencia entre las ratas 
jóvenes y viejas puedan explicarse por las diferentes duraciones de los protocolos 
de entrenamiento, aunque esto es poco probable. Ambos grupos mejoraron su 





similar (~75% de su VO2max). Las diferentes duraciones de los entrenamientos 








Table 10. Mejora en la resistencia aeróbica  inducida por el entrenamiento en los animales. a) Media (± DE) de 
los resultados de la resistencia aeróbica antes y después del entrenamiento de resistencia en ratas jóvenes y 
viejas. Veinticuatro ratas Wistar macho fueron divididas aleatoriamente en cuatro grupos experimentales: jóvenes 
no entrenadas (n = 6), jóvenes entrenadas (n = 6), viejas no entrenadas (n = 6), y viejas entrenadas (n = 6). b) 
Media (± DE) de los resultados de la prueba de resistencia máxima antes y después del entrenamiento de 
resistencia en ratones WT y KO de PGC-1α. Veintisiete ratones macho se dividieron al azar en cuatro grupos 
experimentales: WT no entrenados (n = 6), WT entrenados (n = 8), KO de PGC-1α no entrenados (n = 7), y KO 
de PGC-1α entrenados (n = 6) [23]. 
* p <0,05 en comparación con los valores anteriores al entrenamiento 
** p <0,05 en comparación con los grupos no entrenados 
*** p <0,05 en comparación con los valores anteriores al entrenamiento 
**** p <0,05 en comparación con el grupo no entrenado 
***** p <0,05 en comparación con los ratones KO de PGC-1α entrenados  
 
4.2. Mitocondriogénesis muscular en ratones KO de PGC-1α y en ratones viejos. 
La Figura 20 muestra que la mitocondriogénesis muscular se deteriora 
considerablemente en los ratones deficientes en PGC-1α. El panel A muestra que el 
entrenamiento provocó un aumento en el contenido de PGC-1α en ratones WT.  
Como era de esperar, no encontramos ninguna presencia de la proteína PGC-1α en 
los animales sedentarios o en los animales KO de PGC-1α entrenados. Aunque la 
banda correspondiente a la proteína PGC-1α estaba ausente en nuestros ratones KO 
(92 kDa), una banda débil, que es probable que sea PGC-1β, apareció en el 
Western Blotting a más de 100 kDa.  
La Figura 20 (Panel B) muestra que el entrenamiento aumentó los niveles de NRF-





no en los KO de PGC-1α. También observamos que los animales KO de PGC-1α 
sedentarios tienen considerablemente menos NRF-1 que los controles.  
El contenido mitocondrial se puede medir directamente, usando estimaciones 
morfométricas del volumen organular en relación con el total de volumen celular. 
Más comúnmente, se estima por el cambio en la actividad máxima, medida en 
condiciones óptimas in vitro, de una "enzima marcadora" típica  como es la citrato 
sintasa, o por el cambio en el contenido de una sola proteína como es la citocromo 
C [337,338]. Varios autores han utilizado la citocromo C como un marcador de 
masa mitochondrial [285,289,336], y ésta es la metodología que nosotros hemos 
utilizado. El entrenamiento provocó un aumento en el contenido de citocromo C en 
los ratones WT, pero no en los ratones KO de PGC-1α. El contenido de citocromo 
C en los animales KO de PGC-1α también fue menor que en los WT (Panel C).  
En resumen, la deficiencia de PGC-1α empeoró la activación de la vía 
mitocondriogénica en respuesta al entrenamiento. En ratas viejas encontramos 
resultados muy similares, es decir, una pérdida en la capacidad de aumento de los 
niveles de PGC-1α, NRF-1 y citocromo C inducidos por el ejercicio (Figura 20; 
Paneles D, E y F).  
La idea principal de este estudio es que el envejecimiento se asemeja a la 
deficiencia de PGC-1α en términos de falta de respuesta al entrenamiento. En 
efecto, los animales jóvenes mostraron un aumento en los niveles de proteína de 
PGC-1α después del entrenamiento que no se producen en los animales viejos 
(Figura 20; Panel D).  
En el panel E demostramos que el contenido de NRF-1 muscular de las ratas 
jóvenes aumentó tras el entrenamiento. Este efecto se pierde cuando se estudia en 
animales viejos.  
Finalmente, el panel F muestra que el entrenamiento aumenta el contenido de 
citocromo C en el músculo de las ratas jóvenes, pero de nuevo este efecto también 





































Figura 20. Activación inducida por el ejercicio de la vía de la biogénesis mitocondrial en el músculo esquelético. 
Análisis de Western Blotting para detectar PGC-1α (A y D), NRF-1 (B y E), y citocromo C (C y F) en ratones KO 
de PGC-1α y ratas viejas. Veintisiete ratones macho se dividieron al azar en cuatro grupos experimentales: WT 
no entrenado (n = 6), WT entrenado (n = 8), KO de PGC-1α  no entrenado (n = 7), y KO de PGC-1α  entrenado(n 
= 6). Veinticuatro ratas Wistar macho  fueron divididas aleatoriamente en cuatro grupos experimentales: jóvenes 
no entrenadas (n = 6), jóvenes entrenadas (n = 6), viejas no entrenadas (n = 6), y viejas entrenadas (n = 6). Se 
muestran blots representativos. Para el análisis densitométrico de los resultados, los valores se muestran como la 
media (± SD). El contenido de α-actina, un marcador usado como control de carga en el músculo esquelético, se 
determinó en todos los grupos experimentales [23]. 
 
4.3. Estrés oxidativo y entrenamiento en animales viejos y KO de PGC-1α. 
Como se observa en la Figura 21, muchas de las adaptaciones del músculo 
esquelético al entrenamiento en los animales viejos son similares a las encontradas 
en los animales KO de PGC-1α. Se midió el efecto del ejercicio físico sobre el 
estado de oxidación de las proteínas del músculo esquelético en los animales 
jóvenes y viejos, y en los animales WT y KO de PGC-1α. En la Figura 21 se 
muestra la oxidación de proteínas en los ratones KO de PGC-1α (Panel A) y en 
ratas viejas (Panel B). Los animales KO de PGC-1α muestran un aumento en la 
oxidación de proteínas en reposo (Panel A). Lo mismo ocurre en animales viejos 











Figura 21. Oxidación de proteínas musculares  en animales entrenados y no entrenados. Análisis de Western blot 
para detectar proteínas carboniladas (37 kDa). Se muestran experimentos representativos. Para el análisis 
densitométrico de los resultados de los valores se muestran como la media (± SD) de: A) WT no entrenado (n = 
6), WT entrenado (n = 8), KO de PGC-1α no entrenado (n = 7), y KO de PGC-1α entrenado (n = 6); B) joven no 






4.4. Falta de activación de PGC-1α por la exposición al frío o por tratamiento con 
hormona tiroidea en animales viejos. 
Los experimentos descritos anteriormente muestran que el músculo de los animales 
viejos no sobreexpresaron PGC-1α en respuesta al entrenamiento, haciéndonos 
pensar que el envejecimiento podría resultar en una falta de capacidad de respuesta 
de PGC-1α a otros estímulos fisiológicos. Dos de los estimuladores claves de PGC-
1α son la hormona tiroidea [327] y la exposición al frío [243]. La Figura 22 (Panel 
A) muestra que los animales jóvenes, cuando se expusieron al frío, 
sobreexpresaron hasta 3 veces los niveles de PGC-1α, mientras que los animales 
viejos no lo hicieron. Lo mismo sucede con la administración de triyodotironina 
(T3) (Panel B).Nuestros resultados muestran que el músculo de ratas viejas 
presenta una marcada pérdida en la activación mitocondriogénica y que esto puede 
ser debido a la falta de inducción de PGC-1α [226]. Encontramos una sorprendente 
similitud entre la respuesta al entrenamiento en ratones KO de PGC-1α y en ratas 
viejas. En ratas jóvenes, PGC-1α se activó en el músculo esquelético no sólo por el 


















Figura 22. Niveles de PGC-1α en el músculo esquelético de los animales expuestos al frío (4 ± 1°C) o tratados 
con triyodotironina (0,4 mg × kg-1). Se muestran experimentos representativos. Para el análisis densitométrico de 
los resultados los valores se muestran como la media (± SD) de: A) Joven control (n = 4), joven expuesto a frío (n 
= 4), viejo control  (n = 4), y viejo expuesto al frío (n = 4); B) Joven control (n = 4), joven tratado con T3 (n = 4), 
viejo control (n = 4), viejo tratado con T3 (n = 4). El contenido de α-actina, un marcador usado como control de 





Presentamos aquí que hay una falta de expresión de PGC-1α en el músculo 
esquelético de rata en respuesta al entrenamiento asociada a la edad o a cualquiera 
















Figura 23. Interpretación esquemática de los resultados con proposición de mecanismo. PGC-1α no es funcional 
en el músculo esquelético de animales viejos y puede estar implicado en la disminución de la biogénesis 









































  D. DISCUSIÓN 
 
1.- Estudio del efecto de la administración de alopurinol sobre el daño 
músculo-esquelético y cardiovascular inducido por ejercicio físico de alta 
intensidad en sujetos entrenados. 
 
El ejercicio excéntrico puede provocar daño, debilidad y dolor muscular [339]. En 
algunos deportes como el fútbol, las microlesiones causadas por el ejercicio 
excéntrico pueden progresar a peor, pudiendo dar lugar a lesiones graves como 
resultado de las elevadas demandas musculares asociadas a la actividad 
competitiva [339]. Posteriormente aparece el fenómeno de la inflamación que 
ayuda a degradar y reparar el tejido. Dada la elevada acumulación de partidos en 
aquellos equipos que disputan varias competiciones durante el año (Liga Española, 
Ligas Europeas, Copa del Rey etc.) el daño muscular sufrido por los jugadores de 
fútbol puede tener consecuencias muy negativas sobre la incidencia de lesiones 
entre los futbolistas de los primeros equipos.  La prevención y el tratamiento eficaz 
de lesiones en el fútbol son un desafío continuo para la medicina deportiva y los 
entrenadores [340]. Un buen enfoque para prevenir lesiones musculares en el fútbol 
puede ser contrarrestar el daño muscular causado por las contracciones repetidas 
realizadas tanto en el entrenamiento como en la competición, sin que ello afecte 
negativamente al rendimiento del jugador. El papel de alopurinol como un 
antioxidante en el ejercicio ha sido ampliamente estudiado por nuestro grupo 
[2,3,341,342] y otros equipos de investigación [343,344]. Todos estos estudios se 
han dirigido a determinar la implicación de la XO como una fuente de radicales 
libres en el músculo-esquelético. Así pues, se ha demostrado que la XO, enzima 
que genera RLs involucrados en el daño inducido por isquemia-reperfusión [345], 
causa daño muscular asociado con el ejercicio físico agotador [3,10,24]. El 





músculo-esquelético y cardiovascular inducido por el ejercicio físico de alta 
intensidad en futbolistas de alto nivel. 
El partido indujo un aumento significativo en los marcadores séricos de daño  
músculo-esquelético (CK, LDH, AST y mioglobina) que se previno eficazmente 
mediante la administración de alopurinol. A pesar de que los niveles séricos de 
estos marcadores dependen de edad, género, raza, masa muscular y actividad física 
[346], no se encontraron diferencias en estos parámetros entre los grupos 
alopurinol y placebo antes del partido. Se midió el daño oxidativo a lípidos 
mediante la determinación de un indicador fiable de lipoperoxidación, el MDA [8]. 
Como observamos anteriormente en ciclistas profesionales, la administración de 
alopurinol previene la peroxidación lipídica inducida por el ejercicio en jugadores 
de fútbol profesional [3]. 
No se encontraron diferencias en el rendimiento de los grupos durante el partido. 
De hecho, no se observaron diferencias entre los jugadores pertenecientes al grupo 
placebo y los tratados con alopurinol en su perfil de actividad basado en la 
distancia total cubierta, la distancia recorrida a alta intensidad y la distancia 
recorrida en carreras cortas. Estos hallazgos son consistentes con los de nuestro 
estudio anterior sobre los beneficios de la administración de alopurinol en ciclistas 
participantes en el TdF [3]. 
Se ha publicado recientemente que el alopurinol prolonga el tiempo total de 
ejercicio en pacientes con angina de pecho estable [347]. Sin embargo, nosotros no 
observamos ningún efecto ergogénico del alopurinol, probablemente debido a que 
este estudio no fue diseñado para identificar tal efecto, sino más bien los efectos 
beneficiosos del alopurinol para la integridad del músculo-esquelético. 
Existen evidencias indiscutibles que muestran los efectos beneficiosos del ejercicio 
para prevenir y tratar enfermedades tales como las enfermedades cardiovasculares, 
osteoporosis y cáncer. Como se ha expuesto en la introducción de esta tesis, 





como un fármaco [231,348]. Sin embargo, el entrenamiento de resistencia intenso y 
de larga duración favorece la remodelación y la susceptibilidad cardíaca específica 
a arritmias ventriculares [169,349]. El ejercicio físico intenso puede generar 
isquemia transitoria, estrés miocárdico y disfunción ventricular diastólica 
izquierda, induciendo a menudo un aumento en los parámetros bioquímicos 
analizados habitualmente en el diagnóstico de enfermedades cardíacas [350-352]. 
En nuestro estudio encontramos un incremento significativo en marcadores séricos 
de daño cardíaco, CK-MB y Hs-TnT, tras el partido, lo cual pudo ser prevenido 
mediante la administración de alopurinol. 
El aumento de biomarcadores cardíacos relacionado con el ejercicio ha sido 
ampliamente descrito, pero no se ha encontrado una explicación fisiopatológica 
definitiva [43]. Parece plausible que estos incrementos no reflejen un daño 
miocárdico de elevada relevancia clínica, sino más bien el inicio de una lesión 
reversible de los cardiomiocitos [33,43]. Los efectos beneficiosos del tratamiento 
con alopurinol en diferentes patologías cardiovasculares han sido demostrados. En 
la insuficiencia cardíaca crónica, el tratamiento con alopurinol a largo plazo mejora 
la hemodinámica ventricular izquierda y también evita la remodelación del 
ventrículo izquierdo. Estos efectos a largo plazo son, al menos parcialmente, 
causados por una reducción transitoria de los RLs a nivel miocárdico por la 
administración de alopurinol [353]. El alopurinol es también un fármaco anti-
isquémico útil y seguro para los pacientes con angina estable crónica [347]. Existe 
una asociación causal entre la hiperuricemia y el riesgo cardiovascular [354]. 
Niveles elevados de ácido úrico se han asociado con un aumento del riesgo de 
eventos cardiovasculares, enfermedades coronarias y accidentes cerebrovasculares 
[355]. También se ha demostrado que el ácido úrico tiene un valor predictivo de 
mortalidad asociada a la insuficiencia cardíaca crónica [356]. Así pues, nuestro 
hallazgo principal es que el alopurinol, un fármaco ampliamente utilizado en la 





cardíaco asociado con la práctica del fútbol profesional. En este sentido, nuestro 
grupo también ha demostrado que la inhibición de la actividad XO por medio de la 
administración de alopurinol previene la atrofia muscular al inhibir la vía p38 
MAPK-MAFbx, y por tanto también puede tener beneficios clínicos como son 
combatir la atrofia muscular en pacientes encamados, sarcopénicos o caquéxicos 
[25]. 
La importancia de estos hallazgos es que, a pesar de que lo hayamos estudiado en 
futbolistas profesionales altamente entrenados, estos resultados pueden aplicarse 
también a jugadores de fútbol de nivel inferior ya que si bien la intensidad del 
ejercicio es menor, los deportistas están menos entrenados. Las lesiones en el 
mundo del fútbol, tanto a nivel profesional como amateur, causan una enorme 
carga para la sociedad en términos de sufrimiento para los participantes así como 
también en términos económicos. Debido a que el alopurinol es un fármaco seguro, 
se podría considerar administrar alopurinol a los jugadores para prevenir el daño 
tanto músculo-esquelético como cardíaco. El hecho de que los jugadores 
profesionales en la última década hayan comenzado a jugar tres partidos a la 
semana (a diferencia de antes, cuando solo jugaban uno cada fin de semana) le da 
más fuerza a la acción preventiva del alopurinol en esta población. Por lo tanto, la 
administración de alopurinol es una forma segura y económica para minimizar no 
sólo el daño muscular, sino también el daño cardíaco en los jugadores de fútbol de 
élite. 
En la segunda parte de este estudio hemos evaluado la variación de nuevos 
biomarcadores de daño cardiovascular antes y después de un partido de fútbol 
profesional y el efecto de la administración de alopurinol. Un gran número de 
biomarcadores cardiovasculares convencionales e innovadores son considerados 
como indicadores prometedores del nivel de daño inducido por el ejercicio. Los 
biomarcadores son parámetros fundamentales para la evaluación del impacto de las 





y bioquímica clínica. En este contexto, la identificación de nuevos biomarcadores 
con una sensibilidad asecuada es esencial. El objetivo de nuestro estudio fue 
evaluar los niveles de copeptina, MR-proADM, GDF15, sVEGFR-1/sFLT-1 y 
PlGF como biomarcadores de daño inducido por el ejercicio utilizando muestras de 
suero de jugadores de fútbol profesional. Por otra parte, también se investigó si la 
administración de alopurinol puede afectar los niveles circulantes de estos 
biomarcadores mediante la inhibición de la actividad XO. 
Dos estudios recientes han evaluado los niveles de copeptina en relación con el 
estado de hidratación en ultramaratonianos. Hew-Butler y colaboradores 
encontraron que los niveles de copeptina aumentan significativamente durante y al 
finalizar carreras de distancias extremas. Los autores encontraron correlaciones 
significativas entre los niveles de copeptina y el porcentaje de cambio de volumen 
plasmático [357]. Del mismo modo, Bürge y colaboradores observaron que la 
concentración plasmática de copeptina aumentó, en casi doce veces, en 50 sujetos 
varones tras una ultramaratón de 100 km, y que existe una correlación entre los 
cambios en la copeptina y en los niveles de sodio sérico [358]. En nuestro estudio, 
no hemos podido encontrar ninguna variación significativa en la concentración de 
copeptina, aunque este hallazgo puede explicarse por el protocolo experimental 
diferente que se siguió con respecto a la intensidad y la duración del ejercicio (un 
partido de fútbol frente a una carrera de 100 km). Además, las muestras se 
recogieron a las doce horas de haberse jugado el partido, mientras que en los dos 
estudios referenciados en los que que si que se encontraron cambios, las muestras 
fueron recogidas inmediatamente después del ejercicio. Se ha demostrado 
recientemente que la copeptina tiene una vida media plasmática relativamente corta 
de entre 23 y 47 minutos [359]. Por lo que no encontramos una explicación al 
hecho de que la administración de alopurinol aumente la concentración sérica de 





Hasta donde nosotros sabemos, no existen estudios que hayan investigado la 
variación de MR-proADM después del ejercicio. Normalmente, el incremento en 
los niveles de adrenomedulina se asocia a un daño a nivel endotelial [94]. En 
ciertas condiciones, el aumento de la concentración de adrenomedulina tiene una 
función hormonal, causando una disminución general de la resistencia vascular y 
una caída en la presión arterial [94]. En nuestro estudio observamos un aumento 
significativo en los niveles séricos de MR-proADM en el grupo placebo después 
del partido. La administración de alopurinol fue eficaz en la prevención de los 
incrementos inducidos por el ejercicio en los niveles séricos de MR-proADM. 
Independientemente de las causas subyacentes del incremento de MR-proADM, el 
hallazgo de que la actividad de XO está involucrada en la variación de este 
marcador es interesante y también pueden tener algunas implicaciones y 
aplicaciones clínicas (por ejemplo, el seguimiento de los pacientes con 
hiperuricemia). Por lo tanto, la concentración de MR-proADM aumentó 
notablemente después del ejercicio agudo de alta intensidad. Dado que hemos 
comprobado la hipótesis de que este incremento en los niveles de MR-proADM ha 
sido provocado por el ejercicio, dicho incremento debe descartarse antes de utilizar 
este biomarcador para la evaluación del riesgo cardiovascular o de lesiones 
miocárdicas. También vale la pena mencionar que su aumento puede desempeñar 
un papel fisiopatológico, pudiendo ejercer efectos biológicos favorables o 
desfavorables que podrán ser aclarados una vez que se haya establecido el papel 
definitivo de esta hormona. 
Elevados niveles de GDF15 se asocian con cardiopatía hipertrófica [360]. Sin 
embargo, la práctica de ejercicio moderado (es decir, tres veces a la semana, una 
hora, durante más de seis meses) no afectó los niveles circulantes de GDF15 en 
pacientes con enfermedad coronaria estable [361]. GDF15 aumenta en la 
insuficiencia cardíaca con fracción de eyección normal y en la insuficiencia 





deterioro en la capacidad de ejercicio y en la calidad de vida. Por otra parte, se ha 
visto que la utilidad diagnóstica de GDF15 es al menos tan buena como la de NT-
proBNP, y la combinación de estos marcadores puede mejorar la exactitud 
diagnóstica de los péptidos natriuréticos en pacientes con insuficiencia cardíaca 
[362]. Tchou y colaboradores observaron incrementos significativos en las 
concentraciones séricas circulantes de GDF15 después de una ultramaratón [363]. 
Nosotros observamos un aumento significativo en los niveles séricos de GDF15 
después del partido,  tanto en el grupo placebo como en el grupo alopurinol. La 
administración de alopurinol no afectó a las concentraciones séricas de GDF15, lo 
que nos lleva a la conclusión de que el metabolismo de GDF15 es independiente de 
la administración de alopurinol, y por lo tanto, de la actividad de XO.  
Por lo que respecta a sVEGFR-1/sFLT-1, Bailey y colaboradores observaron que el 
ejercicio aumenta sus niveles circulantes en voluntarios sanos [364]. sVEGFR-
1/sFLT-1 actúa como un inhibidor del factor de crecimiento del endotelio vascular 
(VEGF) endógeno, por lo que puede disminuir funcionalmente los niveles 
plasmáticos del VEGF libre. También se ha descrito una correlación positiva 
significativa entre el porcentaje de aumento de los niveles plasmáticos de 
sVEGFR-1/sFLT-1 y el consumo máximo de oxígeno durante el ejercicio [364]. 
Sin embargo, Kivelä y colaboradores no observaron cambios en la expresión de 
VEGFR-1 en el músculo-esquelético, ni en ratones sanos ni diabéticos después del 
ejercicio [365]. En nuestro estudio no hemos podido observar un aumento 
significativo de la concentración de sVEGFR-1/sFLT-1 ni de PlGF después del 
partido en ninguno de los grupos. Esto nos lleva a sugerir que estos biomarcadores 
son prácticamente insensibles al ejercicio físico, al menos en nuestras condiciones 
experimentales de intensidad y duración del ejercicio. También hemos demostrado 
que la administración de alopurinol no modifica los niveles séricos de sVEGFR-
1/sFLT-1 ni los de PlGF, lo que sugiere que el metabolismo de estos dos 





Este es el primer estudio sobre los efectos del ejercicio de alta intensidad y la 
administración de alopurinol en varios biomarcadores cardiovasculares 
innovadores en futbolistas profesionales. No obstante el número limitado de sujetos 
estudiados, la tendencia incremental post-ejercicio de los niveles séricos de MR-
proADM y GDF15 da fe de que el metabolismo de éstos está claramente 
influenciado por el ejercicio, que de ese modo representa una fuente potencial de 
variabilidad biológica en su evaluación clínica. Por otro lado, su capacidad de 
respuesta al ejercicio agudo abre un nuevo escenario para su uso clínico, por 
ejemplo, para el seguimiento de las respuestas biológicas después de las pruebas de 
ejercicio de evaluación cardiopulmonar. Finalmente, más investigación es 
necesaria para confirmar el sorprendente efecto de la administración de alopurinol 
en valores de copeptina en individuos sanos. 
La influencia potencial de la variabilidad biológica es uno de los problemas más 
críticos en la validación clínica y la evaluación rutinaria de nuevos biomarcadores 
diagnósticos. El ejercicio físico, en particular, tiene una importante influencia en 
los biomarcadores inflamatorios más ampliamente utilizados, incluyendo la 
procalcitonina (PCT), proteína C reactiva (PCR) y la interleucina-6 (IL-6). 
Recientemente hemos demostrado que los niveles séricos de PCT pueden aumentar 
hasta 4 veces después del ejercicio físico [366]. De forma análoga, se reportó que 
las concentraciones de IL-6 y CRP aumentaron notablemente después una carrera a 
pie, hasta 16 y 28 veces, respectivamente [367]. El ejercicio físico, por lo tanto, 
debe ser considerado como un factor de confusión potencial en la determinación de 
estos marcadores, lo que puede afectar considerablemente al rendimiento 
diagnóstico de la PCT, PCR y la IL-6. 
suPAR es el único marcador de riesgo que se comporta como una "alarma maestra" 
para un estado de riesgo en pacientes diabéticos o con cáncer así como con 
enfermedad renal, cardiovascular, infecciosa, inflamatoria o autoinmune. Un 





representa un aumento del riesgo de mortalidad, mientras que la disminución de los 
niveles de suPAR es un índice valioso de la mejoría de estos pacientes y de la 
eficacia de la intervención terapéutica [124-127]. Los resultados de nuestro estudio, 
que muestran claramente que los niveles séricos de suPAR no están influenciados 
ni por el ejercicio físico ni por la administración de alopurinol, tienen 
implicaciones clínicas importantes. En primer lugar, la medición de suPAR (frente 
a PCT, PCR e IL-6) es muy fiable, independientemente del ejercicio físico 
realizado por el paciente. También cabe destacar que el alopurinol se utiliza cada 
vez más en pacientes con diversos tipos de lesiones tisulares y vasculares, como 
son el síndrome coronario agudo, la insuficiencia cardíaca crónica, enfermedades 
inflamatorias, shock séptico [368], quemaduras, heridas [369] y otras formas de 
infecciones localizadas [370], donde la PCT, la PCR y la IL-6 se controlan 
habitualmente. La evidencia de que ni el ejercicio físico ni el alopurinol modifican 
los niveles séricos de suPAR permitiría su uso de manera fiable en pacientes 
















2.- Estudio del efecto del ejercicio físico de muy larga duración sobre nuevos 
biomarcadores de daño cardiovascular y renal en atletas antes y después de 
una ultramaratón. 
 
Aunque en el estudio comentado anteriormente no encontramos cambios en los 
niveles de copeptina asociados a la práctica del fútbol, nos planteamos estudiar sus 
posibles modificaciones en ultramaratonianos. Maeder y colaboradores 
originalmente estudiaron a 161 pacientes que fueron sometidos a una prueba de 
esfuerzo cardiopulmonar en cicloergómetro limitada por los síntomas (la media de 
tiempo de ejercicio fue de 6,3 min e incrementos de 10 a 25 W/min) [371], y se 
observó un aumento significativo en la concentración de copeptina cuando 
compararon los niveles en reposo y tras la finalización de la prueba. Curiosamente, 
los incrementos en los niveles de copeptina se han asociado con el nivel de 
ejercicio y con el uso de ciertos medicamentos en pacientes con enfermedad 
coronaria o que hayan sufrido un infarto agudo de miocardio precedente. Hew-
Butler y colaboradores reportaron que los niveles de copeptina aumentaron 
significativamente durante y al final de una carrera de larga distancia a pesar de la 
disminución plasmática de sodio, lo que sugiere la existencia de una estimulación 
no osmótica de la vasopresina durante el ejercicio físico vigoroso [357]. Por otro 
lado, Bürge y colaboradores también investigaron a 50 ultramaratonianos varones 
que realizaron una ultramaratón de 100 km y encontraron que la creatinina sérica 
aumentó en casi un 30% tras el ejercicio [358], mientras que los niveles 
plasmáticos de copeptina se incrementaron notablemente en casi 12 veces, y por lo 
tanto a niveles superiores a los observados en nuestro estudio (es decir, 6,4 veces) 
[372]. Curiosamente, el cambio en los niveles de copeptina no se asoció con el 
número de micciones, la excreción de la orina o de la ingesta de líquidos durante la 
carrera. Esto es consistente con nuestros resultados, mostrando que el aumento de 





sugiere que la variación de este marcador no está relacionado con la función renal 
y/o la homeostasis de líquidos, pero podría ser atribuible a otros factores que 
activan el eje hipotálamo-hipofisario, como por ejemplo el estrés [77,90]. La 
vasopresina se sintetiza esencialmente en el hipotálamo en respuesta a una 
hiperosmolaridad o a una hipovolemia arterial, pero también se libera 
sustancialmente en respuesta al estrés, incluyendo el ejercicio vigoroso [90]. 
La asociación significativa entre la variación de la creatinina sérica y de MR-
proADM sugiere que la función renal y la hipovolemia pueden haber contribuido 
en parte a dicha variación. En ciertas condiciones un aumento de la 
adrenomedulina plasmática tiene, de hecho, una función hormonal, causando una 
disminución general de la resistencia vascular y una caída en la presión arterial 
[94], mientras que los efectos hormonales de la vasopresina incluyen 
vasoconstricción, estimulación de la liberación de la hormona adrenocorticotropa, 
activación prolongada de los receptores de vasopresina, que median los efectos 
antidiuréticos e hipertrofia de miocardio [83]. En este mismo grupo de atletas 
hemos medido previamente los niveles de troponina I, aumentando éstos 
significativamente después de la prueba. Sin embargo, el punto de corte 
diagnóstico fue superado en una minoría de los casos (20%) y el aumento global 
fue limitado, siendo por lo tanto compatible con cambios transitorios y reversibles 
de isquemia miocárdica en lugar de poderse atribuir a necrosis del cardiomiocito 
[67]. La variación tanto de copeptina como de MR-proADM es debida a un estrés 
cardíaco provocado por el ejercicio vigoroso, en lugar de a los efectos necróticos, 
incluyendo daño miocárdico. 
Independientemente de las causas subyacentes que apoyan el aumento tanto de 
copeptina como de MR-proADM, los resultados de este estudio tienen 
implicaciones clínicas. De acuerdo con estudios anteriores, la concentración de 
copeptina, así como la de MR-proADM, se incrementaron notablemente después 





de usar estos marcadores biológicos para la evaluación del riesgo cardiovascular, 
lesión de miocardio o daño celular. 
La evidencia de que una carrera de 60 km provoca un aumento clínicamente 
significativo no solo de las troponinas cardíacas [67], sino también de copeptina y 
de MR-proADM, plantea varias dudas sobre si el ejercicio físico agotador podría 
considerarse globalmente beneficioso o incluso seguro, sobre todo en población no 
entrenada o no apta. También vale la pena mencionar que el aumento de ambos 
péptidos puede desempeñar un papel fisiopatológico, pudiendo producir efectos 
negativos para la salud. La copeptina y la MR-proADM deben ser considerados 
como biomarcadores innovadores adecuados para la aplicación clínica y en 
medicina del deporte, ya que pueden ser utilizados con seguridad para descartar 
daño celular en pacientes que hayan sido sometidos a ejercicio físico agotador 
recientemente. Aunque se necesitan más estudios para determinar el papel exacto 
de estos péptidos, nuestros resultados abren la posibilidad de utilizar estas señales 
periféricas como posibles biomarcadores de daño inducido por el ejercicio y el 
estrés. 
Por otra parte, es bien sabido que el ejercicio físico extenuante, sobre todo pruebas 
de maratón, puede estar asociado con varias complicaciones agudas, incluyendo un 
daño significativo en el músculo-esquelético, proceso normalmente conocido como 
"rabdomiólisis de esfuerzo" [30,373], problemas gastrointestinales debido a la 
disminución del flujo sanguíneo mesentérico [374], así como de eventos cardíacos 
y trombosis [352]. Aunque los mismos mecanismos patológicos que pueden 
desencadenar el daño gastrointestinal y cardíaco (por ejemplo, desequilibrio 
hemodinámico, inflamación o estrés oxidativo) también pueden afectar al riñón, se 
sabe menos sobre el desarrollo de insuficiencia renal aguda (IRA) potencial 
después del ejercicio físico de resistencia extenuante. La IRA puede ser una grave 
consecuencia de la isquemia renal debido a una dramática reducción del flujo 





en los marcadores renales después de carreras de larga distancia. McCullough y 
colaboradores evaluaron la concentración sérica de creatinina y Cys-C, y urinaria 
de NGAL y KIM-1 en 25 atletas (13 mujeres y 12 hombres) después de una 
maratón [376]. A diferencia de nuestro estudio, los valores basales fueron 
recogidos cuatro semanas antes de la maratón. También se midieron los valores 
máximos de todos los biomarcadores inmediatamente después de la carrera, aunque 
sólo midieron las concentraciones de uNGAL mientras que no midieron los niveles 
de sNGAL. En analogía con nuestro estudio, casi el 40% de los corredores (frente 
al 38% de nuestro estudio) experimentaron un aumento transitorio de la creatinina 
sérica que cumplía con los criterios de una IRA. Asimismo se observó una 
elevación paralela de los niveles séricos de Cys-C, de uNGAL y los niveles 
urinarios de KIM-1. Concretamente, la concentración de uNGAL aumentó de  8,2 
± 4,0 a 47,0 ± 28,6 ng/ml, lo cual es comparable al aumento observado en nuestro 
estudio (4,4 a 35,6 ng/ml). Spyropoulos y colaboradores investigaron la variación 
de lipocalina-2 (es decir, un miembro secretado de la familia de proteínas de la 
lipocalina que parece ser eficaz en la inhibición de la producción de eritrocitos) en 
atletas sanos después de una carrera de fondo. De acuerdo con nuestros hallazgos, 
se alcanzó un notable aumento de las concentraciones de lipocalina-2 
inmediatamente después de la carrera, lo que llevó a estos autores a sugerir que la 
inflamación inducida por el ejercicio puede ser un importante modulador de la 
producción de lipocalinas [377].Los resultados de nuestro estudio están de acuerdo 
con los de McCullough y colaboradores, aunque presentaron otros aspectos 
interesantes. En primer lugar, hemos demostrado por primera vez que, junto con 
uNGAL, también la concentración sérica de este biomarcador renal (sNGAL) 
aumenta dramáticamente después de carreras de larga distancia. 
Curiosamente, el aumento sérico fue más homogéneo (por ejemplo, las variaciones 
séricas estuvieron comprendidas entre 1.3 y 2.0 veces, mientras que en orina 





sNGAL y uNGAL, ya sea solo o uNGAL teniendo en cuenta la relación con la 
creatinina urinaria en todas las condiciones evaluadas, mostraron que sNGAL y 
uNGAL siguen una cinética y un metabolismo diferente, en el caso de una 
insuficiencia renal de esfuerzo. La correlación altamente significativa observada 
entre la variación aguda de la creatinina sérica y sNGAL, así como la síntesis y 
liberación de esta proteína por fuentes que no sean el riñón (por ejemplo, 
neutrófilos, médula ósea, próstata, glándulas salivares, estómago, colon, tráquea, 
pulmón e hígado) [378] parece atestiguar que el incremento sérico observado en 
nuestro estudio podría ser en gran medida independiente de la insuficiencia renal, y 
más bien atribuible a la inflamación inducida por el ejercicio (por ejemplo, la 
producción de leucocitos o disminución de la filtración glomerular) [377,379]. Por 
el contrario, los diferentes patrones de incrementos observados en uNGAL harían 
la valoración urinaria de este marcador biológico más independiente de las 
variaciones de creatinina y de las fuentes extrarrenales, y por lo tanto más fiable 
para monitorizar la afectación renal en este y otros tipos de deterioro renal. 
Curiosamente, un atleta mostró unos niveles muy altos de sNGAL (pero no de 
uNGAL) en situación basal (429 ng/ml), que aumentó aún más después del 
ejercicio, hasta 503 ng/ml. Aunque la fuente de estos datos anómalos no se pueda 
establecer definitivamente, este sujeto también exhibió leucocitosis antes del 
ejercicio (9,2 × 103/μL, 70% de neutrófilos), mientras que el recuento de leucocitos 
era normal en todos los otros atletas (<9,0 × 103/μ l). 
Por lo tanto, es muy posible que este aumento de sNGAL al inicio del estudio 
pudiera haber sido provocado por causas extrarrenales, muy probablemente por el 
aumento de la liberación por parte de los neutrófilos. Independientemente de los 
mecanismos que subyacen a nuestros hallazgos, es bien sabido que cuando el flujo 
de sangre renal disminuye drásticamente y se vuelve inadecuado para cubrir las 





última instancia pueden dar lugar a inflamación, muerte celular y disfunción del 
tejido [375]. 
El ejercicio físico induce cambios importantes en la hemodinámica renal y la 
excreción de proteínas. El flujo plasmático renal disminuye durante el ejercicio en 
relación con la intensidad del ejercicio y el flujo sanguíneo renal puede caer hasta 
un 25% del valor de reposo cuando se realiza un ejercicio extenuante [68]. 
Además, se ha demostrado que el esfuerzo físico agudo induce un aumento de ROS 
y de especies reactivas del nitrógeno (RONS), pudiendo desencadenar ambas un 
estrés oxidativo [380]. Esto apoyaría el incremento en sNGAL ya que la 
sobreexpresión mediada por ROS de miembros de la familia de la lipocalina ya ha 
sido claramente demostrada [131]. La obstrucción intraluminal debida a una 
hematuria de origen glomerular causada por el esfuerzo intenso y prolongado se ha 
reportado en ocasiones en los corredores de maratón, pudiendo ser otra causa 
alternativa [381,382]. Sin embargo, nosotros no observamos hematuria 
macroscópica en nuestros atletas, y por tanto es poco probable que este mecanismo 
haya contribuido sustancialmente en nuestro caso. El desarrollo de 
hemoconcentración extrema no se puede considerar como una explicación fiable a 
nuestros hallazgos ya que a los atletas se les ofreció bebida ad libitum durante la 
carrera para prevenir una deshidratación excesiva. Por otra parte, el cambio del 
volumen plasmático (hemoconcentración), se calculó a partir de la variación de la 
concentración de albúmina después del ejercicio (4,80 frente a 4,51 g/L; aumento 
medio + 5,6 %), que sólo en parte explicaría el aumento de NGAL sérico (+ 1,6 
veces) y urinario (+ 7,7 veces). Por lo tanto, todos estos factores que apoyan la 
evidencia de que el ejercicio físico intenso aumenta la concentración de NGAL y 
creatinina como consecuencia de los mecanismos de adaptación inducidos, tales 
como la reducción del flujo sanguíneo renal, el aumento en el daño oxidativo 
celular, el aumento en la excreción de proteínas y la inflamación. Así pues, el 





3.- Estudio del efecto del ejercicio físico de alta intensidad sobre la longevidad 
en sujetos entrenados. 
 
Bajos niveles de actividad física (2.5 h/semana a una intensidad moderada) reducen 
la mortalidad en un 19%. El aumento de éste a una sesión de 1h 7 días a la semana 
(7 h/semana) podría aumentar el beneficio en un 24% [383]. Los niveles de 
actividad de los ciclistas profesionales son de aproximadamente 30 h/semana de 
entrenamiento a una intensidad de moderada a alta [384]. El efecto de este nivel de 
ejercicio sobre los niveles de mortalidad ha sido estudiado de forma muy escasa. 
En nuestro estudio demostramos que los ciclistas profesionales exhiben una mayor 
longevidad. 
En nuestra opinión, los médicos, los profesionales sanitarios y la población en 
general no deben tener la impresión de que el ejercicio físico intenso y/o 
competiciones deportivas aeróbicas de alto nivel tienen efectos nocivos, son malos 
para la salud, y/o acortan la vida en sujetos entrenados. Recientemente se ha 
demostrado que la actividad física no vigorosa reduce el riesgo de mortalidad por 
cualquier causa [383]. En otro estudio, Chakravarty y colaboradores han llegado a 
la conclusión de que el ejercicio vigoroso en personas de mediana edad y en edades 
avanzadas se asocia con una reducción de la discapacidad en la vejez y un 
beneficio notable sobre la supervivencia [385]. Este estudio demuestra que niveles 
incluso más elevados de actividad también aumentan la longevidad. Tenemos que 
tener en cuenta que los datos de nuestro estudio se limitan a 1964, que es tal vez 
previo a que se utilizaran algunas sustancias dopantes y/o peligrosas de las que se 
pudiesen estar utilizando en la actualidad, como por ejemplo, esteroides 
anabólicos, dopaje sanguíneo, etc… Por otra parte, los ciclistas de resistencia 
pueden ser una población seleccionada porque las personas con mala salud son 
menos propensas a convertirse en ciclistas profesionales, y por lo tanto éstos 





[386]. Sin embargo, mientras este trabajo estaba en proceso, un estudio publicado 
por Ruiz y colaboradores mostró que la asociación entre el ejercicio aeróbico 
vigoroso, realizado por atletas de élite, y el aumento de la esperanza de vida no está 
sesgada por una selección genética [387]. Sus resultados indicaron que los 
deportistas de alto nivel tienen características genotípicas relacionadas con las 
enfermedades similares a las observadas en los sujetos no atletas [387]. Sin 
embargo, otros factores del estilo de vida también pueden contribuir al aumento de 
la longevidad media entre los participantes del TdF. Parece ser que los ex atletas 
fuman menos, consumen menos alcohol y tienen una dieta más saludable que la 
población general [388]. Además, se ha demostrado que los ex atletas son 
físicamente más activos en edades avanzadas en comparación con la población 
general [389]. Nuestros resultados están de acuerdo con estudios anteriores en los 
que se ha demostrado que la mejora de la capacidad cardiorrespiratoria se asocia 
con un menor riesgo de mortalidad por todas las causas [180].  
En nuestra opinión, el factor crítico para obtener el mayor beneficio es estar en 
buena forma física. Muchos pacientes y médicos están confundidos acerca de la 
cantidad de ejercicio necesaria para mejorar la salud [161]. Se ha demostrado que 
la práctica de ejercicio físico en incluso el 50% de lo recomendado (setenta y dos 
minutos de ejercicio moderado a la semana) parece suficiente para proporcionar 
alguna mejora en la forma física. Sin embargo, esta baja dosis de ejercicio no 
mejora factores de riesgo cardiovascular (presión arterial, perfil lipídico y peso) 
[161].  De hecho, para muchas personas, hasta sesenta minutos de actividad física 
todos los días son más adecuados cuando el control del peso es el objetivo principal 
[154]. Por lo tanto, las relaciones dosis-respuesta entre la actividad física y los 
diferentes efectos sobre la salud son diferentes. La evaluación de la cantidad 
mínima de actividad física (dosis baja) necesaria para lograr sus efectos 
beneficiosos ha sido objeto de una investigación intensa. Wen y colaboradores han 





de ejercicio de intensidad moderada es beneficioso en términos de esperanza de 
vida, incluso para sujetos con riesgo cardiovascular [162]. 
Somos conscientes de algunas limitaciones inevitables de este estudio con ciclistas. 
Por ejemplo, no tenemos información sobre comorbilidades o causas de muerte de 
la población estudiada. Del mismo modo, el análisis más convencional para estimar 
la longevidad de una muestra de la población es mediante una curva de 
supervivencia, y concretamente una curva de Kaplan-Meier, pero en nuestro 
estudio no la pudimos utilizar debido a que ciertas variables de la población control 
no pudieron ser determinadas, por ejemplo las migraciones humanas no pudieron 
ser excluidas de nuestro análisis. Por otra parte, sabemos que los ciclistas 
realizaron entrenamientos intensos en edades tempranas, pero no tenemos datos 
sobre su actividad física en los años siguientes. Los ex atletas son físicamente más 
activos a medida que envejecen comparados con la población general de su misma 
edad [389]. Hay una posibilidad de que estos hábitos de ejercicio puedan explicar 
el aumento del 17% en la longevidad media de los ciclistas, en comparación con la 
población general. 
A pesar de estas limitaciones, concluimos que el ejercicio físico intenso practicado 
de manera repetitiva y a largo plazo no aumenta la mortalidad o acorta la 
longevidad. Contrariamente, este tipo de ejercicio aumenta la longevidad.   
De hecho, muy recientemente y coincidiendo con nuestros resultados, se ha 
observado en un estudio llevado a cabo por Marijon y colaboradores una 
mortalidad significativamente menor en los participantes franceses del TdF en 
comparación con la población general [390,391]. Estos autores llevaron a cabo este 
estudio con el objetivo de evaluar y comparar la mortalidad general y las causas 
específicas de muerte entre los participantes franceses en el TdF desde 1947 hasta 





La recomendación más reciente en relación con el ejercicio ha sido: "si un poco es 
bueno, más puede ser mejor" [154]. A la vista de los resultados, tal vez sería mejor 
decir: "si un poco es bueno, mucho es mejor si se está bien entrenado". 
Sin embargo hay que señalar que este nivel de actividad física no es un objetivo 
razonable para la mayoría de las personas, especialmente personas mayores o 
enfermas (diabéticos o pacientes con obesidad). 
No pretendemos que la gente se someta a un régimen permanente de ejercicio 
vigoroso, sino que, contrariamente a las creencias anteriores, el ejercicio 
competitivo a nivel profesional, si el sujeto está entrenado previamente, sea 





















4.- Estudio del papel del entrenamiento aeróbico en la inducción de la cascada 
de la biogénesis mitocondrial y sus implicaciones en el envejecimiento 
músculo-esquelético. 
 
La idea principal de nuestra investigación fue que el envejecimiento provoca la 
falta de respuesta de PGC-1α a diversos estímulos, siendo el más importante el 
ejercicio, pero además la exposición al frío o el tratamiento con hormona tiroidea. 
El papel de las mitocondrias como generadoras clave de EO y también como 
orgánulo diana de daño asociado a las ROS se postuló por Miquel en la década de 
los 70 [392]. Un trabajo llevado a cabo en nuestro laboratorio [267] y otro llevado 
a cabo por el grupo de Bruce Ames [393] utilizando un enfoque metabólico y 
aproximaciones mediante citometría de flujo proporcionaron tal evidencia. 
Un músculo funcional que no ha perdido la capacidad de sintetizar mitocondrias 
sanas es importante para prevenir la fragilidad, un problema importante en la 
medicina actual y en particular en geriatría [277,394]. Por lo tanto, la comprensión 
de los mecanismos moleculares de la mitocondriogénesis en el envejecimiento 
tiene gran importancia tanto teórica como práctica. La función mitocondrial se 
adapta en respuesta a la restricción calórica y esta adaptación está involucrada en el 
incremento de la longevidad [395]. Se ha demostrado que la restricción calórica 
activa PGC-1α [395-397], pudiendo ser una estrategia eficaz en el retraso de 
fenotipos celulares en el músculo-esquelético inducido por el envejecimiento [398]. 
PGC-1α es crítico para la adaptación de la mitocondriogénesis muscular al 
ejercicio físico ya que activa la expresión de NRF-1 que a su vez activa TFAM, un 
factor necesario para la duplicación del DNA mitocondrial [337]. Esto nos llevó a 
pensar que la mitocondriogénesis podría verse afectada en el envejecimiento 
debido a la alteración de la respuesta de PGC-1α en los animales viejos en 
comparación con los jóvenes. Para entender el papel de PGC-1α (un factor redox 





que KO de PGC-1α. Encontramos una sorprendente similitud en la respuesta 
molecular al ejercicio en la vía mitocondriogénica entre las ratas viejas y ratones a 
los que se les ha eliminado el gen que codifica para la proteína PGC-1α. 
La vía completa en la que participan PGC-1α→NRF-1 y finalmente citocromo C 
(un indicador de la masa mitocondrial) respondió positivamente al entrenamiento 
físico en ratas jóvenes, pero no lo hicieron en las viejas. Éste era precisamente el 
mismo comportamiento que en los ratones KO de PGC-1α. 
Se podría argumentar que la intensidad del entrenamiento no fue suficiente para 
activar la biogénesis mitocondrial en ratones KO de PGC-1α o en ratas viejas. Sin 
embargo, la Tabla 10 muestra que la intensidad y la duración del régimen de 
entrenamiento aplicado fueron suficientes para inducir una mejora significativa en 
la capacidad de resistencia. PGC-1α protege frente a la atrofia muscular [248] y 
recientemente se ha demostrado que es necesario para la prevención de la 
disminución del contenido mitocondrial asociado al envejecimiento mediante el 
entrenamiento [289].  
Por otra parte, PGC-1α se ha descrito que es un elemento clave en la sarcopenia y 
en enfermedades metabólicas durante el envejecimiento [286]. Animales 
transgénicos MCK-PGC-1α conservan la función mitocondrial, las uniones 
neuromusculares y la integridad muscular durante el envejecimiento. Además, el 
aumento de los niveles de PGC-1α en el músculo-esquelético previene la pérdida 
de masa muscular mediante la reducción de la apoptosis, la autofagia y la 
degradación del proteasoma [286]. 
Como hemos dicho, nuestros estudios basados en las adaptaciones al ejercicio 
físico en el envejecimiento nos llevaron a la conclusión de que PGC-1α no estaba 
respondiendo al entrenamiento en los animales viejos. Sospechamos que PGC-1α 
no puede ser inducido por cualquier tipo de estímulo en los animales viejos. Para 
probar esta hipótesis, utilizamos dos estímulos de PGC-1α bien conocidos en ratas 





aclimatación al frío [243,327]. El tratamiento con T3 o la aclimatación al frío causó 
una activación muy pronunciada de PGC-1α en animales jóvenes. Sin embargo, 
hubo una notable falta de activación de PGC-1α por cualquiera de los estímulos 
utilizados cuando lo analizamos en los animales viejos. Los beneficios para la 
salud del ejercicio físico crónico pueden ser, al menos parcialmente, debidos a una 
reducción en la producción de oxidantes mitocondriales [399]. Estos datos ponen 
en duda la idea muy bien establecida de que el ejercicio genera RLs. Esto fue 
establecido por primera vez por el grupo de Packer [39] que mostró que las ROS se 
generan durante la contracción muscular. Los autores postularon que la inducción 
de la mitocondriogénesis por el ejercicio podría estar mediada por ROS [39]. 
Nuestro grupo proporcionó la primera evidencia clara de que el ejercicio genera 
EO sólo cuando es agotador [3,4]. Sin embargo, el ejercicio físico puede ser 
considerado como un arma de doble filo: cuando se practica de forma intensa causa 
EO y daño celular, pero cuando se practica con moderación aumenta la expresión 
de enzimas antioxidantes y por lo tanto debe ser considerado como un antioxidante 
[199]. Hemos medido el efecto del ejercicio físico sobre el estado de oxidación de 
las proteínas del músculo-esquelético en ratas jóvenes y viejas, y en ratones WT y 
KO de PGC-1α. Hemos encontrado que el músculo-esquelético de animales viejos 
y KO de PGC-1α presentan EO, es decir, un aumento en la carbonilación de 
proteínas en condiciones de reposo. La oxidación de proteínas no aumentó 
significativamente después del entrenamiento en cualquier grupo experimental, 
concordando con nuestra idea de que el entrenamiento no aumenta el EO [199]. 
Trabajos previos de nuestro laboratorio, así como de otros, han demostrado que 
interfiriendo con los RLs mediante antioxidantes se puede obstaculizar la 
activación de la mitocondriogénesis por el ejercicio [40,201,400]. En el caso del 
envejecimiento, observamos un escenario diferente. Nuestros datos demuestran que 
existen niveles elevados de ROS de forma crónica en el músculo-esquelético de 





respuesta al ejercicio de las vías de señalización celular redox-sensibles pueden 
verse obstaculizadas. Sin embargo, esta hipótesis debe ser confirmada en futuras 
investigaciones. 
PGC-1α se identifica actualmente como una nueva diana terapéutica para el 
tratamiento de la disfunción mitocondrial relacionada con la edad en el músculo-
esquelético y en la sarcopenia [248]. Por otra parte, recientemente, un interesante 
trabajo basado en el papel fundamental de PGC-1α conecta los cambios nucleares y 
mitocondriales en el envejecimiento [401]. Nuestro estudio pone de manifiesto la 
importancia de mantener una capacidad de respuesta normal de PGC-1α (que se ha 
perdido en el envejecimiento) para mantener la función muscular normal. Una 
















































  E. CONCLUSIONES FINALES 
 
 A la luz de los resultados obtenidos, podemos extraer las conclusiones que se 
muestran a continuación: 
 
1.- La xantina oxidasa está implicada en el daño músculo-esquelético y 
cardiovascular en futbolistas profesionales determinado mediante la 
cuantificación de biomarcadores clásicos tales como: CK, LDH, AST,  
mioglobina, CK-MB y Hs-TnT, así como de nuevos biomarcadores tales como  
MR-proADM y GDF15. Por lo tanto, la administración de alopurinol es una 
estrategia segura y económica para minimizar no sólo el daño musculo-
esquelético, sino también el daño cardiovascular en jugadores de fútbol 
profesional. 
  
2.- Los niveles de suPAR sérico no están influenciados ni por el ejercicio 
físico ni por la administración de alopurinol, lo que tiene implicaciones 
clínicas importantes. En primer lugar, la medición de suPAR –frente a 
parámetros como la PCR o la IL-6– es fiable independientemente del ejercicio 
físico realizado por el paciente. El alopurinol se utiliza cada vez más en 
pacientes con diversos tipos de patología cardiovascular. En dichos pacientes 
también se utilizan comúnmente la PCR y la IL-6 para su control. Así pues, la 
evidencia de que el alopurinol no modifica significativamente los niveles 
séricos de suPAR sería relevante para su uso como un marcador fiable en 
pacientes que reciben el inhibidor de la XO. 
 
3.- La copeptina y la MR-proADM pueden ser considerados como 
biomarcadores innovadores con aplicación clínica en medicina del deporte, ya 





sometidos a ejercicio físico de muy larga duración (ultramaratón). Aunque se 
necesitan más estudios para determinar el papel exacto de estos péptidos, 
nuestros resultados abren la posibilidad de utilizar estas señales periféricas 
como posibles biomarcadores de daño inducido por ejercicio físico. 
 
4.- El ejercicio físico de muy larga duración (ultramaratón) aumenta la 
concentración de NGAL y creatinina. Por lo tanto, su evaluación puede ser 
aconsejable para controlar la función renal en sujetos que han realizado 
recientemente un ejercicio físico de larga duración, así como para la 
identificación de atletas con mayor riesgo de desarrollar daño renal durante 
este tipo de ejercicio. 
 
5.- El deporte de alto nivel (corredores del TdF) no se asocia con 
disminuciones en la longevidad de sus practicantes sino con incrementos en la 
misma. En nuestra opinión, los profesionales sanitarios y la población en 
general no deben tener la impresión de que el ejercicio físico intenso y/o las 
competiciones deportivas aeróbicas de alto nivel tienen efectos nocivos  para 
la salud en términos de longevidad. Por el contrario nuestros resultados 
muestran que el ciclismo de alto nivel, si el sujeto está entrenado previamente, 
es una práctica saludable que puede prolongar la longevidad. 
 
6.- El envejecimiento provoca una falta de respuesta de PGC-1α a diversos 
estímulos con la consiguiente afectación de la activación mitocondriogénica 
en el músculo esquelético. Encontramos una sorprendente similitud en la 
respuesta molecular al ejercicio en la vía mitocondriogénica en ratones a los 
que se les ha suprimido PGC-1α frente a las ratas viejas. Nuestros resultados 
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High intensity exercise is associated with an increased risk of skeletal and cardiac 
muscle injuries. Xanthine oxidase (XO), a free radical generating enzyme, is involved 
in tissue damage produced during exhaustive exercise. Our aim was to test whether 
allopurinol, a powerful inhibitor of XO widely used in clinical practice, may be 
effective in preventing exercise-induced muscle, cardiac and liver injury in soccer 
players. Twelve soccer players from a top-level professional team were randomized into 
two experimental groups. One received 300 mg of allopurinol before a match of the 
premier Spanish Football League and the other placebo (cellulose). Serum samples were 
obtained before and after the match for assessment of creatine kinase (CK), lactate 
dehydrogenase (LDH), aspartate aminotransferase (AST), myoglobin, creatine kinase-
MB isoenzyme (CK-MB), highly-sensitive troponin T (Hs-TnT), gamma 
glutamyltransferase (GGT), alanine aminotransferase (ALT), uric acid, and lipid 
hydroperoxides. A soccer match induces an increase in serum markers of muscle or 
cardiac damage that can be prevented by allopurinol. No differences in the physical 
activity profile during the match were observed between groups. Uric acid and lipid 
peroxidation were lower in allopurinol-treated individuals than in placebo. Allopurinol 
represents an effective and inexpensive pharmacological agent to prevent tissue damage 
in soccer players.  
 
Key words: Xanthine oxidase, free radicals, injury, performance. 
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Soccer is the most popular organized sport worldwide (Giza & Micheli 2005). Its 
practice may be associated with micro-injury due to eccentric contractions that, as a 
result of the demands placed on the muscle by the competitive event, progress to major 
damage (Proske & Morgan 2001). Investigations in adult male soccer players identified 
an incidence of 10–35 injuries per 1,000 game hours, and almost every player incurs 
one performance-limiting injury per year (Dvorak & Junge 2000; Hawkins & Fuller 
1999). The Fédération Internationale de Football Association (FIFA) estimates that the 
average worldwide medical cost of a soccer injury is USD 150, leading to an estimated 
annual cost of USD 30 billion (Dvorak & Junge 2000). In professional soccer, the 
average cost due to injury approximates USD 70 million per season (Dvorak & Junge 
2000). The rise in youth soccer participation, and the subsequent cost associated with 
injuries, places an enormous economic pressure on healthcare systems. 
The diagnosis of muscular lesions in soccer players is usually made by clinical criteria 
combined with imaging of the lesion and blood tests to detect the presence of specific 
muscle markers (Guerrero et al. 2008). CK, LDH, and AST activities, and myoglobin 
levels are among the most widely used serum markers of muscle injury (Banfi et al. 
2012). We have previously found that XO-derived free radicals are, at least in part, 
responsible of the muscle damage in top professional cycling atheletes (Gomez-Cabrera 
et al. 2003). However, the role of XO in soccer, which includes eccentric muscular 
contractions, has to our knowledge not been examined. Xanthine oxidase also 
contributes to exercise-induced myocardial ischaemia (Noman et al. 2010), and 
therefore inhibition of XO may lead to several beneficial effects on cardiac and vascular 
function. Allopurinol improves endothelial function (George et al. 2006) and 
myocardial efficiency by decreasing the energy cost and improving hemodynamics of 
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the left ventricle (Cappola et al. 2001; Mellin et al. 2005). It also decreases myocardial 
oxygen demand per unit of cardiac output and prolongs exercise in stable angina 
pectoris (Noman, Ang 2010). Thus, the aim of this study was to establish whether 
allopurinol prevents skeletal muscle, heart and liver damage in top level soccer players. 
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MATERIALS AND METHODS  
Ethics Statement 
The study complies with the World Medical Association Declaration of Helsinki-
Ethical Principles for Medical Research Involving Human Subjects. The experimental 
protocol was approved by the Ethics Research Committee of the Faculty of Medicine, 
University of Valencia, Spain.  
Study design 
Twelve professional soccer players (age 25±2 years; weight 75.0±8.2 Kg; height 
1.8±0.1 m; body muscle mass 36.2±3.0 Kg; body fat mass 8.1±1.0 Kg) were 
randomized into two experimental groups. An oral dose of 300 mg of allopurinol was 
administered to six participants four hours before a match of the premier Spanish 
Football League. The remaining six participants received placebo (cellulose). The 
match was played at 10 p.m. and during the second half of the match two players were 
changed. These players were also included in the study, whereas the goalkeeper was 
excluded. The players were offered soft drinks (with no antioxidant vitamins added) ad 
libitum during the match to prevent dehydration. Venous blood samples were obtained 
before the match (Baseline) and twelve hours later (Post-Match). All blood samples 
were collected in vacuum tubes with no additives after overnight fasting, at the same 
hour and under the same conditions (temperature and humidity), by venipuncture of a 
superficial vein of the antecubital fossa after the subjects had remained seated for 10 
min. All sample tubes were left in upright position for 45 min at room temperature (20º 
C) to allow complete blood clotting before centrifugation (CLSI 2010). Serum was then 
separated by centrifugation at 1500xg for 15 min at room temperature, stored in aliquots 
and kept frozen at -80º C until measurement. No specimen was discarded due to 
unsatisfactory phlebotomy, difficulty in locating venous access, missing vein, visible 
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hemolysis or lipemia. Written informed consent was obtained prior to participation. 
Allopurinol is not among the list of drugs prohibited by World Anti-Doping Agency 
(WADA) or FIFA. 
Laboratory measurements 
All serum aliquots were thawed at the same time. The concentrations of serum uric acid, 
AST, ALT, GGT, LDH and CK were tested in duplicate immediately after thawing with 
an enzymatic colorimetric method using a Roche Cobas® 6000 apparatus (Roche 
Diagnostics GmbH), according to the manufacturer’s specifications. Serum CK-MB, 
myoglobin, and highly-sensitive troponin T were assayed using Roche Elecsys 2010 
(Roche Diagnostics GmbH, Penzberg, Germany). Serum lipid hydroperoxides were 
determined as malondialdehyde (MDA) by high performance liquid chromatography 
following the protocol previously described by Wong et al (Wong et al. 1987). 
Statistical analysis 
A two-way analysis of variance with repeated measures was used to determine the 
difference between the two parameters during the experimental intervention (Baseline 
versus Post-Match). When a difference was found, multiple comparisons using the 
Tukey post hoc test were performed. The statistical analysis was performed with 
Analyse-it for Microsoft Excel (Analyse-it Software Ltd, Leeds, UK). 
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Effect of allopurinol on markers of skeletal muscle damage in soccer players 
Players who received placebo showed a significant increase in serum activities of CK, 
LDH and AST, and in serum levels of myoglobin 12 hours after the match. Allopurinol 
prevented the exercise-induced increases of CK, AST and myoglobin and partially, 
those of LDH (See Table 1). 
Effect of allopurinol on markers of cardiac damage in soccer players 
Serum levels of CK-MB and Hs-TnT were assessed as specific biomarkers of 
myocardial injury. CK-MB and Hs-TnT increased significantly in the placebo group but 
not in the allopurinol treated group. Significant differences were observed between 
placebo and allopurinol groups after the match (See Table 1). 
Lack of effect of allopurinol on markers of hepatic damage in soccer players 
ALT serum activity was measured as biomarker of liver injury. ALT activity increased 
significantly after the match in both placebo and allopurinol groups, highlighting a lack 
of effect of allopurinol on ALT activity in the liver (See Table 1). 
Effect of allopurinol on serum uric acid and plasma lipid peroxidation in soccer players 
In proof-of-principle experiments to establish a role of XO-derived free radicals in 
exercise-induced tissue damage, we determined serum uric acid levels in the soccer 
players. Uric acid is an end-product of XO activity. Soccer players supplemented with 
allopurinol, but not those who received placebo, exhibited a significant decrease in 
serum uric acid levels 12 hours after the match. XO-derived free radicals have been 
involved in lipid peroxidation in top level professional athletes (Gomez-Cabrera, 
Pallardo 2003). Significant differences were also observed in serum lipid peroxidation, 
determined as malondialdehyde (MDA), between placebo and allopurinol groups after 
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the match (see Table 1). Therefore, allopurinol prevents exercise-induced lipid 
peroxidation as reflected by MDA measurements.  
To exclude the possibility that changes in biomarkers were due to hemoconcentration, 
we measured serum sodium, calcium and GGT levels. As there were no significant 
differences in both placebo and allopurinol treated groups (results not shown), we 
conclude that the observed changes in biomarkers are not a consequence of 
hemoconcentration. 
Anthropometric variables and physical activity profiles in soccer players 
The following activity profiles were measured during the match: total distance run, 
distance covered at high intensity, and distance covered in shorter sprints. We failed to 
observe any significant difference between placebo and allopurinol treated groups (See 
Table S1 in which the anthropometric variables and physical activity profiles during a 
competitive match, in soccer players, are shown), and also found no differences in the 
following anthropometric parameters: weight, height, fat mass, and muscle mass. 
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Eccentric exercise may trigger muscle damage, weakness and soreness (Proske & 
Morgan 2001). In some sports such as soccer, the micro-damage from eccentric exercise 
may progress to more tears, potentially leading to major injuries as a result of the 
demands placed on the muscle by the competitive event (Proske & Morgan 2001). 
Soccer injuries challenge sports medicine physicians and trainers to develop effective 
treatment and prevention programmes (Giza & Micheli 2005). A reliable approach to 
prevent soccer muscle injuries may counteract muscle damage caused by the repeated 
contractions performed both in training and in competition, without negatively affecting 
the soccer player's performance. We have previously shown that XO, a free radical 
generating enzyme involved in the ischemia-reperfusion injury (McCord 1985), causes 
muscle damage associated with exhaustive exercise (Gomez-Cabrera et al. 2006; 
Gomez-Cabrera, Pallardo 2003; Vina et al. 2000). The new finding is that allopurinol 
prevents tissue damage specifically caused by top level professional soccer. 
The professional soccer match induced a significant increase in serum markers of 
skeletal muscle damage (CK, LDH, AST and myoglobin) that was effectively prevented 
by administration of allopurinol. Even though the serum levels of these markers depend 
on age, gender, race, muscle mass, and physical activity (Brancaccio et al. 2007), no 
differences were found in these parameters between the allopurinol and placebo groups  
before exercise.  
We measured oxidative damage to lipids by determining lipid hydroperoxides 
(estimated by the formation of MDA). We have determined the MDA because it is a 
reliable indicator of lipid peroxidation in human samples (Breusing et al. 2010). As 
previously reported with professional cyclists, allopurinol prevents exercise-induced 
lipid peroxidation in soccer players (Gomez-Cabrera, Pallardo 2003).  
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No differences in performance during the match were found between groups. Indeed, 
we observed no differences between placebo and allopurinol-treated players in their 
activity profile based on the total distance run/covered, distance covered at high 
intensity, and distance covered in short sprints, (see Supplementary Material, Table S1, 
for the anthropometric variables and physical activity profiles in our soccer players). 
These findings are consistent with our  previous report on the benefits of allopurinol for 
cyclists in the Tour de France (Gomez-Cabrera, Pallardo 2003). 
It has been recently reported that allopurinol prolongs total exercise time during an 
exercise tolerance test, in patients with stable chronic angina pectoris (Noman, Ang 
2010). We did not observe any ergogenic effect of allopurinol, probably because this 
study was not designed to identify such an effect but rather the beneficial effects of 
allopurinol for muscle integrity.  
There is unquestionable evidence showing the beneficial effects of exercise to prevent 
and to treat several human disorders such as cardiovascular disease, osteoporosis and 
cancer. We have recently introduced the concept that exercise behaves as a drug (Lippi 
et al. 2006; Vina et al. 2012). However, long-term intense endurance training promotes 
heart chamber-specific remodeling and susceptibility to ventricular arrhythmia (Aizer et 
al. 2009; Benito et al. 2011). Strenuous exercise can generate transitory ischemia, 
myocardial stress, and diastolic left ventricular dysfunction often inducing an increase 
in biochemical parameters measured in the diagnosis of heart diseases (Kim et al. 2012; 
Lippi & Maffulli 2009; Neilan et al. 2006). We found a significant increase in serum 
markers of cardiac damage, CK-MB and Hs-TnT, after the soccer match, which could 
be prevented by administration of allopurinol. 
The exercise-related increase in cardiac biomarkers has been extensively described, but 
a definitive pathophysiological explanation has not been found (Banfi, Colombini 
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2012). It seems plausible that these increments do not reflect clinically threatening 
myocardial damage, but rather the onset of reversible injury to cardiomyocytes (Banfi, 
Colombini 2012; Lippi et al. 2011). The beneficial effects of allopurinol treatment in 
different cardiovascular pathologies have been proven. In experimental chronic heart 
failure, long-term allopurinol treatment improves left ventricular hemodynamic and 
prevents left ventricular remodeling. These long-term effects are, at least partially, 
caused by a transient reduction of myocardial free radicals by allopurinol (Mellin, 
Isabelle 2005). Allopurinol is also a useful and safe anti-ischemic drug for patients with 
chronic stable angina (Noman, Ang 2010). There is a causal association between 
hyperuricemia and cardiovascular risk (Papezikova et al. 2012). Elevated uric acid 
levels have been associated with an increased risk of cardiovascular events, coronary 
disease, and stroke (Lippi et al. 2008). It has also been shown that uric acid has a 
predictive value for mortality in chronic heart failure (Anker et al. 2003). Thus, 
allopurinol administration is a safe, non-expensive way to minimize not only muscle 
damage but also cardiac damage in elite soccer players. 
PERSPECTIVE 
Soccer lesions, at both professional and amateur levels, cause an enormous burden to 
society in terms of suffering of the participants and also in economic terms (a point we 
detail in the paper). Because allopurinol is such a safe drug, the possibility could be 
considered that players could be given allopurinol to prevent cardiac and skeletal 
muscle damage. Thus, this is not a paper dealing with a very specific sports physiology 
problem, but rather a general one which may be of interest to the wide readership of 
your Journal. The fact that professional players in the last decade have started playing 
three games a week (as opposed to earlier when they only played one every weekend) 
gives more strength to the preventive action of allopurinol for these individuals.   
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          Table 1. Biochemical parameters of muscular, cardiac, liver, and oxidative damage in soccer players. Effect of allopurinol administration. 
  Placebo  Allopurinol  Ratio of 
effect 
 
  Basal Post-match ∆  Basal Post-match ∆   
 Skeletal muscle  
 CK (U/L) 229 ± 123 1287 ± 1092
##
 1103  199 ± 218 592 ± 536
*
 379  2.9  
 LDH (U/L) 199 ± 36 449 ± 69### 180  200 ± 42 353 ± 58$$$,** 151  1.2  
 AST (U/L) 22 ± 3 55 ± 36## 21  22 ± 6 30 ± 9* 6  3.5  
 Myoglobin (ng/mL) 33.3 ± 5.3 121.8 ± 98.5
##
 88.0  36.2 ± 31.2 63.6 ± 18.4
*
 15.8  5.6  
 Cardiac muscle  
 CK-MB (µg/L) 2.4 ± 1.6 9.3 ± 9.8# 6.5  1.9 ± 1.9 4.3 ± 3.7 2.2  2.9  
 Hs-TnT (ng/L) 5.5 ± 2.5 14.1 ± 3.4# 8.6  4.8 ± 3.8 9.5 ± 5.8* 6.6  1.3  
 Liver  
 ALT (U/L) 7 ± 3 19 ± 4### 11  8 ± 2 22 ± 4$$$ 13  0.8  
 Oxidative damage  
 MDA (nmol/mL) 0.6 ± 0.4 0.9 ± 0.3 0.3  0.6 ± 0.3 0.6 ± 0.3* 0.0  -854  
 ALT (alanine aminotransferase), AST (aspartate aminotransferase), CK (creatine kinase), CK-MB (creatine kinase 
myocardicisoenzyme), Hs-TnT (high sensitive troponin T), LDH (lactate dehydrogenase), MDA (malondialdehyde). Values as 
means ± SD (n=6 placebo; n=6 allopurinol). ∆ is defined as the difference between post-match and basal. Ratio of effect is 
calculated as the ∆ (placebo) / ∆ (allopurinol). 
*p<0.05 and **p<0.01 between placebo and allopurinol groups in post-match; 






p<0.001 in placebo group between basal and post-match 
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Table S1. Anthropometric variables and physical activity profiles during a competitive 
match, in soccer players. 
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Table S1. Anthropometric variables and physical activity profiles during a competitive 
match, in soccer players. 
  Placebo Allopurinol  
 Anthropometric variables  
 Age (years) 26.3 ± 3.4 25.1 ± 2.2  
 Weight (Kilograms) 78.9 ± 8.9 71.8 ± 6.3  
 Height (meters) 1.8 ± 0.1 1.8± 0.1  
 Muscle mass (Kilograms) 37.5 ± 3.3 35.0 ± 2.6  
 Fat mass (Kilograms) 8.8± 1.5 7.6 ± 1.1  
 
Physical activity profiles 
 
 
Total distance (m) 
1
st
half 5508.3 ± 524.2 5321.6 ± 444.2  
 2
nd
half 5235.8 ± 1195.4 5258.6 ± 523.0  




half 349.3 ± 153.0 194.4 ± 81.6  
 2
nd
half 359.0 ± 91.4 298.0 ± 126.1  
 Distance covered in 
sprint (>24Km/h) (m) 
1
st
half 197.0 ± 98.9 69.0 ± 43.8  
 2
nd
half 160.8 ± 37.3 169.2 ± 110.2  
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AT A GLANCE COMMENTARY
Sanchis Goman F, et al.
Background
High intensity exercise is associated with cardiac
muscle damage, thus, increasing the risk of heart
disorders in high-level sportsmen. Xanthine oxi-
dase (XO), a free radical generating enzyme, is in-
volved in the tissue damage produced during
exhaustive exercise. Thus, its inhibition may exert
several beneficial cardiac and vascular effects. Al-
lopurinol improves endothelial function and myo-
cardial efficiency, decreases myocardial oxygen
demand per unit of cardiac output, and prolongs
exercise in stable angina pectoris.
Translational Significance
Midregional part of proadrenomedullin (MR-
proADM) and growth differentiation factor 15
(GDF15) are clearly influenced by exercise, which
thereby represent a potential source of biological
variability in their clinical assessment.
Translational Research
Volume 162, Number 2 Sanchis-Gomar et al 103Several sports such as cycling and long-distance
running (eg, marathon and ultra-marathon), have been
associated with a postexercise increase of cardiac, liver,
and skeletal muscle biomarkers of injury, including car-
diac troponins, aspartate aminotransferase, alanine ami-
notransferase, gamma-glutamyl transferase, creatine
kinase, and lactate dehydrogenase among others,1-7 as
well as with radiological findings suggestive of
myocardial damage and fibrosis.8 Several cellular sour-
ces of reactive oxygen species production exist in skel-
etal muscle, including xanthine oxidase (XO). Xanthine
oxidoreductase is an intracellular enzyme involved in
purine catabolism, which catalyzes the reduction of
hypoxanthine and xanthine to uric acid (UA).9 Exhaus-
tive or acute physical exercise causes an increased gen-
eration of reactive oxygen species, and therefore, an
oxidative stress in muscle and in other organs, which fi-
nally result in cellular injury.10-12 Oxidative stress is
clearly involved in the pathophysiology of cardiac
remodeling and heart failure, as well as in skeletal
muscle damage induced by exhaustive exercise.13
Allopurinol is a well-known inhibitor of xanthine
oxidoreductase widely used in clinical practice14 and
is also a promising drug to prevent muscle oxidative
damage during exhaustive physical exercise, as previ-
ously reported.11,15
It has been proven that exercise and training may trig-
ger pathophysiological changes in urinary and serumconcentrations of a variety of laboratory parameters,
and its assessment enables to monitor the damage at
a specific tissue level (ie, liver, kidney, muscle, heart).
This aspect has inherently increased the use of tradi-
tional biomarkers of tissue injury by clinical chemists
and sport physicians during the past decades.16 New ini-
tiatives aim to accelerate the search for new innovative
and promising biomarkers, which should allow a better
monitoring of sport performance, diagnosis of sport-
related injuries, prediction of overtraining, and even
the identification of the most suitable period for return
to play after injury.
Copeptin is the C-terminal portion of provasopressin,
a 39-amino acid glycopeptide, which is produced during
cleavage of arginine vasopressin or antidiuretic hor-
mone.17 Importantly, copeptin correlates with the indi-
vidual stress level18 and the combination of copeptin
with cardiac troponins, in patients with chest pain,
may improve the early diagnosis of acute coronary syn-
drome.19-23 Additionally, copeptin provides reliable
prognostic information in patients after an acute
myocardial infarction or chronic heart failure.24-29
Increased levels of this biomarker may also predict an
increased risk for diabetes independently of
conventional risk factors.30 The prognostic value of co-
peptin has been well established in other severe dis-
eases, including sepsis, pneumonia, lower respiratory
tract infections, and stroke.31-34
Adrenomedullin (ADM) is a 52-amino acid vasoac-
tive peptide that plays an important role in microcircu-
lation and endothelial dysfunction. The precursor
preproadrenomedullin (preproADM), which is
transcriptionally induced by insulin, hypoxia, and
several inflammatory stimuli, is further activated to
ADM after cleavage of another biologically active
peptide known as proadrenomedullin N-terminal
20 peptide (PAMP) and 2 peptides flanking ADM (ie,
the midregional part of proADM [MR-proADM
45–92] and the COOH terminus of the molecule
[proADM 153–185].35 The mid-regional portion of
pro-adrenomedullin (MR-proADM) is more stable
than ADM and, hence, better suited for use in clinical
practice and assessment in stored samples.36 Recent ev-
idence shows that MR-proADM is an independent pre-
dictor of events in patients with symptomatic coronary
artery disease,37 cardiovascular events,38 chronic heart
failure,39 stroke,40 and other severe disorders such as
amyloidosis,41 sepsis,42 community-acquired peumo-
nia,43,44 and acute dyspnea.45-47 In addition, Maeder
et al observed that MR-proADM were associated with
peak oxygen consumption independent of lung function
in patients with chronic lung disease.48 However, the
physiological function of MR-proADM is still under in-
vestigation. Although both copeptin and MR-proADM
Translational Research
104 Sanchis-Gomar et al August 2013are emerging as putative cardiovascular biomarkers, lit-
tle is known about the influence of physical exercise on
their concentration.
Growth differentiation factor 15 (GDF15) is amember
of the transforming growth factor b superfamily. Sev-
eral studies have shown that inflammation or injury up-
regulate GDF15 expression in the heart.49,50 Moreover,
this novel biomarker has been found to be associated
with vascular disorders such as atherosclerosis,
hypertension, ischemia, and heart failure,51 suggesting
that it may act as a stress signal for the cardiomyocytes.
In healthy skeletal muscle several animal and hu-
man studies have shown increased vascular endothe-
lial growth factor (VEGF) expression after acute
exercise.52-54 Placental growth factor (PlGF) is
a member of the VEGF family of growth factors
that is expressed in several inflammatory cell types
and acts as a crucial mediator of hematopoietic stem
cell recruitment and later stages of angiogenesis.55
PlGF mainly mediates arteriogenesis in response to
ischemia or tissue damage.56 The vascular endothelial
growth factor receptor-1 (sVEGFR-1/sFLT-1) is a re-
ceptor tyrosine kinase specific for the angiogenic fac-
tors VEGF (VEGF-A), PlGF, and VEGF-B.57 The
level of sVEGFR1/sFLT-1 changes in several pathol-
ogies58-60 and have prognostic value.61 It has been
also suggested that sVEGFR1/sFLT-1 levels should
be presented together with VEGF levels in experi-
mental and pathological conditions.62 Nevertheless,
very little is also known about the regulation of both
sVEGFR-1/sFLT-1 and PlGF expression by physical
exercise.
Therefore, in this study we aimed to evaluate the var-
iation of these novel biochemical markers of stress and
cardiovascular disease after acute high-level physical
exercise. We also sought to compare whether allopuri-
nol administration may affect the circulating levels of
these biomarkers attributable to the inhibition XO activ-
ity. For this purpose, we measured copeptin, MR-
proADM, GDF15, sVEGFR-1/sFLT-1, and PlGF along
with UA before and after acute high-intensity exercise
and allopurinol administration.
METHODS
Study design. This is a double-blind, placebo-
controlled study in which 12 professional soccer
players (age 25 6 2 years; weight 75.0 6 8.2 kg;
height 1.8 6 0.1 m; body fat free mass 36.2 6 3.0 kg;
body fat 8.1 6 1.0 kg) were randomized into 2
experimental groups. An oral dose of 300 mg of
allopurinol was administered to 1 group of 6
participants 4 hours before a match of the Spanish
Football League; the other 6 participants receivedplacebo (cellulose). The match was played at 10 PM.
During the second half of the match 2 players were
changed. These players were also included in the
study, whereas the goalkeeper was excluded. The
players were offered beverages ad libitum during the
match to prevent excessive dehydration. Venous blood
samples were obtained before the match (baseline) and
12 hours afterwards (post-match). All blood samples
were collected in vacuum tubes with no additives after
an overnight fasting, at the same hour and in the same
conditions (temperature and humidity), from
venipuncture of a superficial vein of the antecubital
fossa after the subjects had remained seated for 10
minutes. Serum was immediately separated (by
centrifugation at 1500 3 g, 15 minutes, room
temperature) and stored at 220C until measurement.
Written informed consent was obtained prior to par-
ticipation, and the study complies with the World Med-
ical Association Declaration of Helsinki-Ethical
Principles for Medical Research Involving Human Sub-
jects. The experimental protocol was approved by the
Committee on Ethics in Research of the Faculty ofMed-
icine, University of Valencia, Spain. Allopurinol is not
among the list of drugs prohibited by World Anti-
Doping Agency or ‘‘Federation Internationale de Foot-
ball Association.’’
Laboratory measurements. Serum copeptin and MR-
proADM were assayed by Time Resolved Amplified
Kryptat Emission on Kryptor (Thermo Scientific
BRAHMS, Henningsdorf, Germany). According to the
manufacturer’s specification, the intra- and interassay
imprecision of copeptin immunoassay at concentrations
of 20 and 50 pmol/L are 6%-12% and 8%-13%,
respectively. The analytical detection limit, the 97.5%
percentile of the male reference range as well as the
cut-off of copeptin in the diagnostics of cardiovascular
disorders, and AMI have been set at 4.8, 19.1 pmol/L
and 14 pmol/L, respectively.19 According to the
manufacturer’s specification, the intra- and interassay
imprecision of MR-proADM immunoassay at
concentrations ranging from 0.5 to 6 nmol/L is
comprised between 4% and 11%. The analytical
detection limit and 95% percentile of the reference
range are 0.05 and 0.52 nmol/L, respectively. Serum
VEGFR1/Flt-1, PlGF, and GDF15 were assayed with
the Quantikine Human Soluble VEGF R1/Flt-1
Immunoassay, Quantikine ELISA Human PlGF
Immunoassay, and Quantikine Human GDF15
Immunoassay (R&D Systems, Inc, Minneapolis, Minn).
According to manufacturer’s quote, the intra- and
interassay imprecision are 3.6%-7.0% and 10.9%-11%
for the PlGF immunoassay, and 1.8%-2.8% and 4.7%-
6.0% for the GDF15 immunoassay, respectively. The
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enzymatic colorimetric method on Roche Cobas (Roche
Diagnostics, Indianapolis, Ind). According to
manufacturer’s specifications, the total imprecision of
this test is comprised between 0.30% and 0.50%.
Statistical analysis. For statistical analysis of results,
themeanwas taken as themeasurement of themain ten-
dency and the standard deviation was taken as the
dispersion measurement. The normal distribution of
each variable was established with the Shapiro-Wilk
normality test. A 2-way analysis of variance with
repeated measures was used to determine the
difference on the 2 parameters during the
experimental intervention (baseline and post-match).
When an interaction effect was found, multiple
comparisons using the Tukey post hoc test were
performed. The statistical analysis was performed
with Analyse-it for Microsoft Excel (Analyse-it
Software Ltd, Leeds, UK), and the alpha level for
statistical significance was set at P , 0.05.RESULTS
No significant differences in body mass were found
between groups, and the body weight remained un-
changed until the end of the study in all the experimental
groups (The results are presented in Table 1).
The athletes supplemented with allopurinol, but not
those who received placebo, exhibited a significant de-
crease in serum concentration of UA after the match
(5.1 6 1.2 vs 3.8 6 0.7 mg/dL; P 5 0.03).
Serum copeptin concentration exhibited a nonsignifi-
cant decrease in the placebo group (from 9.8 6 6.2 to
6.9 6 2.3 pmol/L; P 5 0.18) and a nonsignificant
increase in the allopurinol group (from 9.4 6 3.6 to
12.2 6 4.2 pmol/L; P 5 0.10) after the match. No sig-
nificant differences were observed between placebo and
allopurinol groups at baseline (9.8 6 6.2 vs 9.4 6 3.6
pmol/L; P 5 0.40), whereas the difference between
placebo and allopurinol groups after the game was
statistically significant (6.9 6 2.3 vs 12.2 6 4.2 pmol/L;
P 5 0.02).
Serum MR-proADM increased significantly from
0.266 0.1 nmol/L to 0.366 0.06 nmol/L in the placebo
group after the match (P 5 0.02). Similarly, it also in-
creased from 0.29 6 0.06 nmol/L to 0.35 6 0.05
nmol/L in the allopurinol group, but this variation was
not statistically significant (P 5 0.08). No significant
differences were observed between placebo and allopu-
rinol groups at either baseline (0.26 6 0.1 vs 0.29 6
0.06 nmol/L; P 5 0.45) or after the game (0.36 6
0.06 vs 0.35 6 0.05 nmol/L; P 5 0.22) extractions.
Serum GDF15 levels increased significantly from
227.0 6 56.6 pg/dL to 299.2 6 70.6 pg/dL in the pla-cebo group (P 5 0.04) and from 239.7 6 73.4 pg/dL
to 313.1 6 83.7 pg/dL in the allopurinol group (P 5
0.04) after the match extractions. No significant differ-
ences were observed between placebo and allopurinol
groups at either baseline (227.0 6 56.6 vs 239.7 6
73.4 pg/dL; P 5 0.37) or after the game (299.2 6
70.6 vs 313.1 6 83.7 pg/dL; P 5 0.38) extractions.
For serum PlGF concentration, no statistical signifi-
cant changes were found before or after the match in ei-
ther placebo (2.626 0.2 vs 2.516 0.3 pg/dL; P5 0.29)
or allopurinol (2.81 6 0.3 vs 2.79 6 0.3 pg/dL;
P 5 0.37) groups. No significant differences were ob-
served between placebo and allopurinol groups at either
baseline (2.62 6 0.2 vs 2.816 0.3 pg/dL; P 5 0.12) or
after the game (2.51 6 0.3 vs 2.79 6 0.3 pg/dL;
P 5 0.10) extractions.
Serum VEGFR1/Flt-1 concentration increased from
55.5 6 9.3 to 62.12 6 13.0 pg/dL in the placebo group
(P5 0.18) and from 56.46 11.9 to 65.86 8.8 pg/dL in
the allopurinol group (P 5 0.06) after the match, but
both changes were not statistically significant. No sig-
nificant differences were observed between placebo
and allopurinol groups at either baseline (55.5 6 9.3
vs 56.4 6 11.9 pg/dL; P 5 0.44) or after the game
(62.12 6 13.0 vs 65.8 6 8.8 pg/dL; P 5 0.30) extrac-
tions.DISCUSSION
The role of allopurinol as an antioxidant in exercise
has been extensively studied by our group2–5 and
other research teams.6,7 All of these studies aimed to
determine the involvement of XO as a source of free
radicals in skeletal muscle. However, in this study we
evaluated the variation of novel biomarkers of stress
and cardiovascular disease before and after acute
high-intensity exercise and the effect of allopurinol ad-
ministration.
A large number of conventional and innovative car-
diovascular biomarkers are regarded as promising indi-
cators of the level of exercise-induced damage.
Biomarkers are critical for evaluating the impact of dif-
ferent exercise intensities and regimes in sport medi-
cine, cardiology, and clinical chemistry. In this
context, the identification of novel and sensitive bio-
markers is essential. The aim of this work was to assess
copeptin, MR-proADM, GDF15, sVEGFR-1/sFLT-1,
and PlGF as biomarkers of exercise-induced damage
using serum samples of professional football players.
Furthermore, we also investigated whether allopurinol
administration may affect the circulating levels of these
biomarkers by inhibiting XO activity.
Two recent studies have evaluated copeptin levels in
relation to hydration status in ultramarathoners. Hew-
Table 1. The table shows the trends of the serum biomarkers in football players who received placebo or
allopurinol before and after the match
Placebo Allopurinol
Basal Post-match Basal Post-match
UA (mg/dL) 5.2 6 0.6 5.3 6 0.8 5.1 6 1.2 3.8 6 0.7†
Copeptin (pmol/L) 9.8 6 6.2 6.9 6 2.3 9.4 6 3.6 12.2 6 4.2*
MR-proADM (nmol/L) 0.26 6 0.10 0.36 6 0.06‡ 0.29 6 0.06 0.35 6 0.05
GDF15 (pg/dL) 227.0 6 56.6 299.2 6 70.6‡ 239.8 6 73.4 313.1 6 83.7†
PlGF (pg/dL) 2.62 6 0.20 2.51 6 0.30 2.81 6 0.30 2.79 6 0.30
sVEGFR1/sFLT-1 (pg/dL) 55.5 6 9.3 62.12 6 13.0 56.4 6 11.9 65.8 6 8.8
Abbreviations: GDF15, growth differentiation factor 15; MR-proADM, midregional part of proadrenomedullin; PlGF, placental growth factor;
sVEGFR1/sFLT-1, soluble vascular endothelial growth factor receptor; UA, uric acid.
Values as means 6 SD (n 5 6 placebo; n 5 6 allopurinol).
*P , 0.05 between placebo and allopurinol groups in post-match.
†P , 0.05 in allopurinol group between basal and post-match.
‡P , 0.05 in placebo group between basal and post-match.
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increased during, as well as at the end, of extreme dis-
tance runs. The authors found significant correlations
between copeptin and the percentage of plasma vol-
ume change.63 Likewise, B€urge et al observed that
plasma copeptin concentration extraordinarily in-
creased by nearly 12 times in 50 male undergoing
a 100-km ultramarathon and that a correlation existed
between the changes in copeptin and that in serum so-
dium.64 In our study, we failed to find any significant
variation in copeptin concentration, although this find-
ing can be explained by the different experimental pro-
tocol that we followed, regarding intensity and
duration of exercise (ie, football match vs strenuous
long-duration running). In addition, we collected the
samples 12 hours after the match, whereas in the pre-
vious references studies, the samples were collected
immediately after the exercise. It has been recently
shown that copeptin has a short plasma half-life of ap-
proximately 23-47 minutes.65 Intriguingly, allopurinol
administration increased the serum copeptin concen-
tration after the game.
To the best of our knowledge, there are no studies that
have investigated the variation of MR-proADM after
exercise. Adrenomedullin typically reflects an overflow
from local sites of production and action, frequently
caused by endothelial damage.35 In certain conditions,
the increased concentration of adrenomedullin has a hor-
monal function, causing a general decrease in vascular
resistance and a fall in blood pressure.35 In our study,
a significant increase in serum MR-proADM was re-
corded after the match in the placebo group, although
we also showed that allopurinol administration, and
thereby XO inhibition, was effective in preventing the
exercise-induced serum MR-proADM increments. Re-
gardless of the underlying causes supporting the in-crease of MR-proADM, the finding that XO activity is
involved in the variation of this marker is interesting
and may also have some clinical implications and appli-
cations (eg, monitoring of patients with hyperuricemia).
We noted that the concentration of MR-proADM was
remarkably increased after acute high-intensity exer-
cise. In fact, since the hypothesis that an exercise-
induced increase of MR-proADM has occurred should
be ruled out before using this biomarker for assessment
of cardiovascular risk, myocardial injury, and cellular
damage. It is also worthwhile mentioning that its in-
crease can play a pathophysiological role, promoting fa-
vorable or unfavorable biological effects that may be
elucidated once the definitive role of this hormone has
been established.
Higher levels of GDF15 are associated with condi-
tions of severe disease in hypertrophic cardiomyopa-
thy.66 However, moderate exercise training (ie, 3
times a week, for 1 hour, over 6 months) did not affect
circulating levels of GDF15 in patients with stable cor-
onary artery disease.67 GDF15 is elevated in heart fail-
ure with normal ejection fraction and in systolic heart
failure.68 Additionally, it is independently associated
with impairment in exercise capacity and in physical
components of quality of life. Moreover, it has been
reported that diagnostic performance of GDF15 is at
least as good as that of N-terminal prohormone of
brain natriuretic peptide, and the combination of these
markers may so improve the diagnostic accuracy of
natriuretic peptides in patients with heart failure.68
Tchou et al reported that circulating GDF15 serum
concentrations increased after an ultramarathon foot
race.69 Accordingly we observed a significant increase
in serum GDF15 after the match in both the placebo or
allopurinol groups. Allopurinol administration did not
affect the serum GDF15 concentration, which would
Translational Research
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independent from allopurinol administration, and
thereby, from XO activity.
Bailey et al observed that exercise in healthy volun-
teers increased circulating sVEGFR-1/sFLT-1, an en-
dogenous VEGF inhibitor, which may functionally
decrease plasma levels of free VEGF. A significant pos-
itive correlation between percentage increase in plasma
levels of sVEGFR-1/sFLT-1 and total peak oxygen con-
sumption during exercise was also described.70 Kivel€a
et al, however, failed to observe changes in skeletal
muscle VEGFR-1 expression in either healthy or dia-
betic mice after exercise.71 In our study, we failed to ob-
serve significant increases in the concentration of both
sVEGFR-1/sFLT-1 and PlGF after the match in both
groups. This would lead us to suggest that these bio-
markers are instead virtually insensitive to physical ex-
ercise, at least in our experimental conditions of
exercise intensity and duration. We have also showed
that allopurinol administration did not modify the serum
sVEGFR-1/sFLT-1 and PlGF levels, thus, suggesting
that the metabolism of these 2 biomarkers is not influ-
enced by XO activity.
This is the first study, to the best of our knowledge,
reporting the effects of acute high-intensity exercise
and allopurinol administration on several innovative
cardiovascular biomarkers in professional sportsmen.
Notwithstanding the limited number of subjects stud-
ied, the trend toward postexercise increase of serum
MR-proADM and GDF15 levels attests that the me-
tabolism of these proteins is clearly influenced after
exercise, which thereby represents a potential source
of biological variability in their clinical assessment.
On the other hand, their responsiveness to the stress
following acute exercise opens new scenario on their
clinical use, (eg, for monitoring biological responses
after cardiopulmonary exercise testing). More re-
search is needed to confirm the surprising effect of al-
lopurinol administration on serum copeptin values in
healthy individuals.REFERENCES
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Background: Although physical exercise acutely increases the most widely used inflammatory biomarkers, there is 
no information on its effect on soluble urokinase plasminogen activating receptor (suPAR), a circulating biomark-
er increasingly used for the assessment of systemic inflammation. 
Methods: suPAR was assessed with the quantitative suPARnostic® Standard ELISA Assay (Virogates, Birkerød, 
Denmark) in 12 professional football players before and after a football match. The athletes were divided into two 
experimental groups. An oral dose of 300 mg of allopurinol was administered to one group of six participants four 
hours before a match; the other six participants received placebo. 
Results: Serum suPAR concentration did not vary significantly after the match in both the placebo and allopuri-
nol group. No significant differences were observed between placebo and allopurinol groups at baseline and after 
the game. 
Conclusions: At variance with other consolidated inflammatory biomarkers, suPAR is not influenced by either 
physical exercise or administration of xanthine oxidase inhibitors. 
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Physical exercise is widely advocated to prevent chron-
ic disorders such as cardiovascular disease, cancer, 
osteoporosis, and type 2 diabetes [1]. It has also been 
demonstrated that endurance exercise improves life ex-
pectancy [2,3]. However, strenuous physical exercise 
can generate free radicals that can cause muscle damage 
[4]. Xanthine oxidase (XO), a free radical-generating 
enzyme, may cause oxidative stress (OS) damage asso-
ciated with exhaustive exercise [5]. Exercise also exerts 
mechanical and metabolic stress to the body, which 
contributes to a commonly experienced sub-clinical 
pathological response involving OS and subsequent in-
flammation [6]. To counteract these potential oxidative 
injuries, allopurinol administration may be effective in 
preventing muscle damage and lipid peroxidation as 
shown in Tour de France participants, the most impor-
tant cycling event worldwide, and in marathon runners 
[7,8]. 
The soluble urokinase plasminogen activating receptor 
(suPAR) is a circulating protein, with a molecular 
weight of between 20 to 50 kDa depending on the de-
gree of glycosylation and proteolytic cleavage [9,10]. 
suPAR is present at very low concentrations in human 
blood under physiological conditions, whereas in-
creased plasma levels reliably mirror immune activation 
and can thereby be considered a valuable marker for 
several infectious diseases [9,10]. This protein is ex-
pressed by several immunoregulatory cells, including 
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Figure 1. Kinetics of soluble urokinase plasminogen activating receptor (suPAR) in twelve professional football players before 






neutronphils, activated T-cells, and macrophages [11], 
so that high levels are always observed in association 
with inflammation, disease progression, and fatal out-
come [12,13]. It has been shown that circulating suPAR 
predicts cancer, cardiovascular disease, diabetes, and 
mortality in the general population [14], while systemic 
levels of suPAR correlate positively with markers of or-
gan dysfunction and severity-of-disease classification 
system scores [15].  
The principal aim of this study was to investigate 
whether acute exhaustive exercise affects circulating 
suPAR levels among participants in a strenuous sport-
ing event. We then also assessed whether allopurinol 
administration may affect the circulating levels of this 
novel biomarker by inhibition of XO. 
 
 
MATERIALS AND METHODS 
 
Study design 
Twelve professional football players (age 25 ± 2 years; 
weight 75 ± 8 Kg) were divided into two experimental 
groups. An oral dose of 300 mg of allopurinol was ad-
ministered to one group of six participants four hours 
before a match of the Spanish Football League; the 
other six participants received a placebo. The match 
was played at 10 p.m. During the second half of the 
match two players were changed. These players were 
also included in the study, whereas the goalkeeper was 
excluded. The players were offered beverages ad libi-
tum during the match to prevent excessive dehydration. 
Venous blood samples were obtained before the match 
(baseline) and twelve hours afterwards (post-match). 
All blood samples were collected in vacuum tubes with 
no additives after an overnight fasting, at the same hour, 
and under the same conditions (temperature and humid-
ity), from venipuncture of a superficial vein of the ante-
cubital fossa while the subjects had remained seated for 
not less than 10 minutes. Serum was immediately sepa-
rated (1500xg, 15 minutes, RT) and stored at -20ºC un-
til testing. Written informed consent was obtained prior 
to participation. The study complies with the World 
Medical Association Declaration of Helsinki - Ethical 
Principles for Medical Research Involving Human Sub-
jects. The experimental protocol was approved by the 
Committee on Ethics in Research of the Faculty of 
Medicine, University of Valencia, Spain. Allopurinol is 
not among the list of drugs prohibited by World Anti-
Doping Agency (WADA) or “Fédération Internationale 
de Football Association” (FIFA). 
 
Measurement of suPAR 
The concentration of suPAR was assessed with the 
quantitative suPARnostic® Standard ELISA Assay 
(Virogates, Birkerød, Denmark). The test is a simplified 
double monoclonal antibody sandwich assay, in which 
samples and peroxidase-conjugated anti-suPAR are 
mixed in microwells prior to incubation in anti-suPAR 
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precoated optically clear microwells. The standard is 
calibrated against an internal gold standard and all val-
ues are calculated back to this to ensure samples from 
different labs and/or different assay lots can be directly 
compared when the suPARnostic® kit is used. The line-
arity of the assay is between 2.0 to 15.6 ng/mL, the total 
imprecision - expressed as total coefficient of variation 
(CV%) - between 2.3 and 6.0%. 
 
Statistical analysis 
For statistical analysis of results, the mean was taken as 
the measurement of the main tendency and the standard 
deviation was taken as the dispersion measurement. A 
two-way analysis of variance with repeated measures 
was used to determine the difference between the two 
parameters during the experimental intervention (Base-
line and Post-Match). When an interaction effect was 
found, multiple comparisons using the Turkey post hoc 
test were performed. The statistical analysis was per-
formed with Analyse-it for Microsoft Excel (Analyse-it 
Software Ltd, Leeds, UK), and the alpha level for sta-





No significant differences in body mass were found be-
tween groups, and the body weight remained unchanged 
until the end of the study in all the experimental groups 
(data not shown). Figure 1 shows the serum suPAR lev-
els before and after the match in both groups (placebo 
and allopurinol). Serum suPAR concentration increased 
from 2.0 ± 0.3 to 2.3 ± 0.4 ng/mL in the placebo group 
(p = 0.14) and from 1.8 ± 0.5 to 2.0 ± 0.4 ng/mL in the 
allopurinol group (p = 0.20). No statistically significant 
changes were found before or after the match in either 
the placebo or allopurinol groups. Moreover, no signifi-
cant differences were observed between placebo and al-
lopurinol groups at either baseline (2.0 ± 0.3 versus 1.8 
± 0.5; p = 0.20) or after the match (2.3 ± 0.4 versus 2.0 





The potential influence of biological variability is one 
of the most critical issues in the complex pipeline that 
encompasses discovery, clinical validation, and routine 
assessment of novel diagnostic biomarkers. Physical ex-
ercise, in particular, has a strong and acute influence on 
the most widely used inflammatory biomarkers, in-
cluding procalcitonin (PCT), C Reactive Protein (CRP), 
and Interleukin-6 (IL-6). We have recently shown that 
the serum levels of PCT may increase up to 4-fold after 
a modest bulk of physical exercise [16]. Analogously, 
the concentrations of IL-6 and CRP were reported to be 
remarkably increased after running, up to 16- and 28-
fold, respectively [17]. Physical exercise should hence 
be considered a potential confounding factor, which 
may substantially impair the diagnostic performance of 
PCT, CRP, and IL-6. suPAR is a unique risk marker 
that behaves as a “master alarm” for a patient risk sta-
tus. An increased serum level of suPAR reflects an on-
going critical condition characterized by increased risk 
of mortality, whereas decreasing levels of suPAR are a 
valuable index of patient improvement and effective-
ness of therapeutic intervention [11-14]. The results of 
the present study, clearly showing that the serum levels 
of suPAR are not significantly influenced by either 
physical exercise or allopurinol administration, have re-
levant clinical implications. First, the measurement of 
suPAR - at variance with that of PCT, CRP and IL-6 - is 
still strongly reliable regardless of the physical exercise 
performed by the patient. It is also noteworthy that allo-
purinol, the archetypal inhibitor of XO which has been 
the cornerstone of the therapeutic management of hy-
peruricemia for decades, is increasingly used in patients 
with various forms of tissue and vascular injuries, such 
as acute coronary syndrome, chronic heart failure, in-
flammatory diseases, as well as septic shock [18], 
burns, wounds [19], and other localized forms of infec-
tion [20], wherein PCT, CRP, and IL-6 are commonly 
monitored. The evidence that allopurinol does not sig-
nificantly modify the serum levels of suPAR would, 
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Background: Although it is widely acknowl-
edged that physical activity confers sev-
eral health benefits, it remains uncertain
whether strenuous and physically de-
manding exercise might determine bio-
logical effects that might turn to be ul-
timately unfavorable for health. Copeptin
and midregion proadrenomedullin (MR-
proADM) are emerging cardiovascular and
stress biomarkers, but little is known about
the influence of strenuous physical exer-
cise on their concentrations. Methods: The
present study was performed to investi-
gate the variation of copeptin and MR-
proADM, along with that of serum creati-
nine and estimated glomerular filtration rate
before and after a 60 km ultramarathon
in 16 healthy Caucasian males. Results:
The serum concentrations of both copeptin
and MR-proADM remarkably increased af-
ter the 60 km run, by 6.4 times (interquartile
range (IQR), 2.710.4) and 2.3 times (IQR,
1.8–2.6), respectively. A highly significant
correlation was observed between the in-
crease of creatinine and MR-proADM, but
not between serum creatinine and copeptin.
The percentage of subjects exhibiting val-
ues above the upper limit of the reference
range in male was 0% for both copeptin and
MR-proADM before the ultramarathon, but
increased to respectively 81 and 63% pos-
texercise. Conclusion: The evidence that
an ultramarathon causes a substantial in-
crease of copeptin and MR-proADM raises
doubts as to whether exhaustive exercise
might be considered globally beneficial or
even safe, especially in unfit or/and un-
trained population. J. Clin. Lab. Anal. 0:1–
6, 2013. C© 2013 Wiley Periodicals, Inc.
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INTRODUCTION
It is widely acknowledged that physical activity and
exercise confer several benefits for healthier lifestyle as
well as in the growing battle against obesity, cardiovascu-
lar disease, and other chronic disorders such as diabetes,
osteoporosis, decline of cognitive function, and cancer
(1). The International Olympic Committee has recently
endorsed recommendations advocating that all govern-
ments should encourage physical exercise and health pro-
motion on global health and regional agency agendas (1).
Although it is hence clear that sedentary behavior or an
inadequate high-level physical exercise in unfit or/and un-
healthy populationmight be deleterious, it remains uncer-
tain whether strenuous and physically demanding exercise
might determine short- and long-term biological effects
that might turn to be ultimately unfavorable for health
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(2). It has been recently observed that exhaustive exercise
in physically fit and trained people is a healthy practice,
which may even increase life expectancy (3). On the other
hand, however, several sports modalities such as cycling
and long-distance running (e.g., marathon and ultrama-
rathon) have been associated with a remarkable increase
in biomarkers of cardiac injury (4–7), as well as with radi-
ological findings suggestive of myocardial necrosis and fi-
brosis (8). Oxidative stress is clearly involved in the patho-
physiology of cardiac remodeling and heart failure as well
as in skeletal muscle damage induced by exhaustive exer-
cise (9). Exhaustive or acute physical exercise causes an
increase in the generation of reactive oxygen species, and
therefore raises the oxidative stress in muscle and in other
organs, resulting in cell damage (10,11).
Copeptin is the C-terminal portion of provasopressin, a
39 amino acid glycopeptide of unknown function,which is
produced during cleavage of arginine vasopressin (AVP),
also known as antidiuretic hormone (12). AVP is mainly
released from the neurohypophysis to maintain water bal-
ance by the kidney, and thereby contributes to osmotic
and cardiovascular homeostasis. Besides the clinical sig-
nificance as a surrogate marker of AVP secretion, there
is increasing evidence that the combined determination
of copeptin with cardiac troponins in patients with chest
painmight accelerate the diagnosis of acute coronary syn-
drome or acute myocardial infarction (AMI) (13–15), as
well as mirror disease severity and help predict unfavor-
able outcomes in patients with chronic stable heart failure
(16). Additional studies have also suggested that copeptin
assessment may provide reliable prognostic information
in patients after an AMI (17), as well as in those with
chronic heart failure (18). Increased levels of copeptin
might also predict an increased risk for diabetes indepen-
dently of conventional risk factors (19). The prognostic
value of copeptin has been established in other severe dis-
eases such as sepsis, pneumonia, lower respiratory tract
infections, and stroke (20). Most importantly, it was also
recently demonstrated that copeptin concentration corre-
lates with the individual stress level (21).
Adrenomedullin (ADM) is a 52 amino acid vasoactive
peptide that plays an important role in microcirculation
and endothelial dysfunction. It is mainly expressed from
the adrenal medulla and adipose tissue, as well as from
endothelial and vascular smooth muscle cells, immune
cells, and several endocrine glands (22). The precursor
pre-proADM, which is transcriptionally induced by in-
sulin, hypoxia, and several inflammatory stimuli, is fur-
ther activated to ADM after cleavage of another biolog-
ically active peptide known as proADM N-terminal 20
peptide (PAMP) and two peptides flanking ADM, that
is, the midregional part of proADM (MR-proADM 45–
92) and the carboxy-terminus of the molecule (proADM
153–185).Recent evidence attests thatMR-proADMis an
independent predictor for events in patients with symp-
tomatic coronary artery disease (23), chronic heart failure
(24), stroke (25), and other severe disorders such as amy-
loidosis (26), sepsis (27), community-acquired pneumo-
nia (28), and acute dyspnea (29), even if the causal con-
tribution of MR-proADM to the pathogenesis of these
pathologies remains unclear.
Although both copeptin and MR-proADM can hence
be considered emerging cardiovascular biomarkers, little
is known about the influence of strenuous physical exer-
cise on their concentrations, especially on that of the latter
peptide. The present study was performed to investigate
the value of copeptin and MR-proADM as biochemi-
cal markers of cellular damage after high-level physical
exercise. For this purpose, we measured copeptin, MR-
proADM, serum creatinine, and estimated glomerular fil-




The population study consisted of 16 healthyCaucasian
males (mean age: 41 years, range: 34–50 years), who had
been engaged in specific endurance training for at least
4 years (mean training regimen: 248± 32min/week;max-
imal oxygen uptake, VO2: 65 ± 2 ml/kg/min). The ath-
letes concluded a 60 km ultramarathon equipped with a
heart rate (HR) monitor at 82 ± 4% VO2max. The per-
centage was calculated according to VO2/HR relation-
ship assessed with incremental test. None of the subjects
suffered from acute or chronic diseases, reported regu-
lar or recent medication intake, including antioxidants
and nicotine. Strenuous exercise was also precluded for at
least 36 h before this study. The ultramarathon began at
08:00 A.M. and was run on a hilly and demanding course,
on a cloudy and partially rainy day, with temperatures
ranging from 6 to 8◦C and humidity from 54 to 87%.
Blood samples were collected at fast, 20 min before the
participants warmed up (pre), and 10 min after the end of
the ultramarathon (post). All subjects gave an informed
consent for being tested, and the study was carried out
in agreement with the Declaration of Helsinki and under
the terms of all relevant local legislation. Blood was col-
lected in vacuum tubes containing no additives (Becton-
Dickinson, Oxford, UK), separated by centrifugation at
3,000 × g within 30 min from venipuncture and stored at
−70◦C.
Laboratory Measurements
Serum creatinine was measured by Jaffe, rate-blanked,
and compensated assay on a Beckman Coulter AU5800,
J. Clin. Lab. Anal.
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employing proprietary reagents (Beckman Coulter Inc.,
Brea, CA). The kidney function was also defined by
EGFR, according to the formula developed and validated
in the Modification of Diet in Renal Disease (MDRD)
study, and further modified by Levey et al. for methods
traceable to the serum creatinine reference system (30).
The resulting equation is as follows: EGFR = 175 ×
(serum creatinine−1.154) × (age−0.203) × 1.212 (if black) ×
0.742 (if female), and it does not require a body weight
variable because it normalizes GFR for a standard body
surface area of 1.73 m2. The lower limit of the refer-
ence range for this formula is conventionally fixed at
<60 ml/min/1.73 m2.
Serum copeptin and ADM were assayed by Time-
Resolved Amplified Kryptat Emssion (TRACE) on
Kryptor (Thermo Scientific B·R·A·H·M·S, Germany).
According to the manufacturer’s specification, the intra-
and interassay imprecision of copeptin immunoassay at
concentrations of 20 and 50 pmol/l are 6–12%and 8–13%,
respectively. The analytical detection limit, the 97.5% per-
centile of the male reference range as well as the cut-off
of copeptin in the diagnostics of cardiovascular disor-
ders and AMI have been set at 4.8, 19.1 pmol/l and 14
pmol/l, respectively (13).According to themanufacturer’s
specification, the intra- and interassay imprecision of
MR-proADM immunoassay at concentrations ranging
from 0.5 to 6 nmol/l are comprised between 4 and 11%.
The analytical detection limit and 95% percentile of the
reference range are 0.05 and 0.52 nmol/l, respectively.
Statistical Analysis
TheWilcoxon signed-rank test and theχ2 test (for cate-
gorical variables) were used to evaluate the significance of
exercise-induced variations. Data with a nonnormal dis-
tribution were normalized using a logarithmic transfor-
mation prior to analysis. Statistical analyses were carried
out with Analyse-it for Excel software (Analyse-it Soft-
ware, Leeds, UK) and the level of statistical significance
was set at P< 0.05. Data are presented as the median and
interquartile range (IQR). The postmarathon results have
also been adjusted for plasma volume change, according
to the formula of Dill and Costill, as described elsewhere
(31).
RESULTS
All the athletes completed successfully the ultrama-
rathon, with no clinically meaningful symptoms. The
main results of this study are shown in Table 1. The
serum concentration of creatine significantly increased by
31% (IQR, 13–58%) after the run, whereas the EGFR de-
creased by the same extent. The serum concentrations of
both copeptin and MR-proADM remarkably increased
TABLE 1. Variation of Serum Creatinine, EGFR, Copeptin, and
MR-proADM After a 60 km Ultramarathon Run in 16 Male
Athletes
Prerun Postrun P
Creatinine (μmol/l) 68 (60–76) 92 (72–114) <0.001
EGFR (ml/min/1.73 m2) 111 (98–127) 80 (61–106) <0.001
Copeptin (pmol/l) 5.9 (5.0–10.3) 40.6 (20.3–100.2) <0.001
MR-proADM (nmol/l) 0.29 (0.27–0.34) 0.68 (0.51–0.80) <0.001
after the 60 km run, by 6.4 times (IQR, 2.7–10.4) and
2.3 times (IQR, 1.8–2.6; Fig. 1), respectively. A highly
significant correlation was observed between the delta in-
crease (i.e., the ratio between the post- and prerun value)
of serum creatinine and MR-proADM (r = 0.680; P =
0.004), but not between serum creatinine and copeptin
(r = −0.064; P = 0.81; Fig. 2). Finally, the percentage
of subjects exhibiting values above the upper limit of the
reference range in male was 0% for both copeptin and
MR-proADM before the ultramarathon, but increased
to respectively 13 (81%) and 10 (63%) postexercise.
DISCUSSION
There is only one study that has assessed the varia-
tion of copeptin after short-term exercise, two after long-
distance endurance exercise, whereas none has investi-
gated the variation of MR-proADM after exercise to the
best of our knowledge. Maeder et al. originally studied
161 patients undergoing cardiopulmonary exercise test-
ing (CPET) with upright symptom-limited cycle ergome-
ter tests (mean exercise time of 6.3 min and increments of
10–25 W/min) (32), and observed a significant increase
(i.e., median increase of 59%) of copeptin concentration
from rest to peak at exercise. Interestingly, the percent
change in copeptin was independently associated with
maximal work rate as well as with the previous use of
several cardiac medications by virtue of their surrogate
status for the presence of coronary artery disease or pre-
viousAMI.Hew-Butler et al. reported that copeptin levels
significantly increased during and at the end of extreme
distance runs despite decreases in plasma Na2+, thus sug-
gesting the existence of a nonosmotic vasopressin stimu-
lation during this strenuous exercise activity (33). Bu¨rge
et al. also investigated 50 male ultramarathoners under-
going a 100 km ultramarathon and found that serum cre-
atinine increased by nearly 30% after the exercise (34),
whereas plasma copeptin concentration remarkably in-
creased by nearly 12 times, and hence to a greater extent
as that observed in our study (i.e., 6.4 times) (35). Interest-
ingly, the change in copeptin was not associated with the
number of urinations, urine excretion, or fluid intake dur-
ing the race. This is consistent with our findings, showing
J. Clin. Lab. Anal.









































Fig. 1. Variation of copetin and MR-proADM after a 60 km ultrama-
rathon run in 16 male athletes.
that the postexercise increase of serum copeptin was not
related to that of serum creatinine, thereby suggesting that
the variation of this marker is not related to renal func-
tion and/or fluid homeostasis, but might be attributable
to other factors such as stressor events, which activate
the hypothalamic–pituitary–adrenal axis (20, 21). AVP is
synthesized in the hypothalamus essentially in response
to high osmolality and arterial hypovolaemia but is also
substantially released in the context of the stress response,
which might thereby include strenuous exercise as well
(20).
The significant association between variation of serum
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Fig. 2. Linear regression analysis and Spearman’s correlation coeffi-
cient (r) between the delta increase (i.e., the ratio between the post-
and prerun value) of creatinine and copetin, and creatinine and MR-
proADM.
tion and hypovolaemia might have partially contributed
to its variation. A systemic increase in ADM typically
reflects an overflow from local sites of production and
action, mostly caused by endothelial damage (e.g., in
chronic heart failure and septic shock) rather than from
physiological secretion by the adrenal gland (22). In cer-
tain conditions increased plasma ADM has, in fact, a
hormonal function, causing a general decrease in vascu-
lar resistance and a fall in blood pressure (22), whereas the
hormonal effects of vasopressin include vasoconstriction,
J. Clin. Lab. Anal.
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stimulation of release of adrenocorticotropic hormone,
and prolonged activation of vasopressin receptors, which
mediate antidiuretic effects and myocardium hypertrophy
(17). In the same group of athletes, we have previously
measured troponin I with both a highly sensitive and
a contemporary-sensitive troponin I immunoassays, ob-
serving that the values of these biomarkers significantly
increased after the trial. Nevertheless, the diagnostic cut-
off was exceeded in a minority of cases (i.e., 20%) and the
overall increase was limited, thus compatible with tran-
sitory and reversible myocardial ischemia rather than at-
tributable tomyocardiocyte necrosis (7). As such, the vari-
ation of both copeptin and MR-proADM is likely due to
the cardiac stress evoked by the strenuous aerobic exercise,
rather than due to necrotic effects, including myocardial
damage.
Regardless of the underlying causes supporting the in-
crease of both copeptin and MR-proADM, the results of
this study have clinical implications. In agreement with
previous studies, the concentration of copeptin, as well as
that ofMR-proADM, is remarkably increased after long-
distance running. Therefore, the hypothesis of an exercise-
induced increase of both copeptin and MR-proADM
should be considered before using these biomarkers for
assessment of cardiovascular risk, myocardial injury, and
cellular damage. Then, the evidence that a 60 km run
causes a clinically meaningful increase of cardiac tro-
ponins (7), but also of copeptin andMR-proADM, raises
several doubts as to whether exhaustive exercise might be
considered globally beneficial or even safe, especially in
unfit or/and untrained population. It is also worthwhile
mentioning that the increase of both peptides can play
a pathophysiological role, promoting unfavorable health
effects.
All these factors support the evidence of a strong as-
sociation of both biomarkers with adverse health out-
comes throughout a wide spectrum of clinical conditions.
Copeptin and MR-proADM should be considered as in-
novative biomarkers suitable for application in clinical
and sports medicine, since it can be safely used to rule out
cellular damage in patients who had undergone recent ex-
haustive exercise. Although further studies are needed to
determine the exact role of these peptides, our results open
the possibility to use these peripheral signals as possible
biomarkers of exercise-induced damage and stress.
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 Abstract 
 Background : Strenuous exercise may trigger acute compli-
cations, such as exertional rhabdomyolysis and gastrointes-
tinal complaint. As less is known about the potential renal 
impairment after long distance running, we assessed creati-
nine and neutrophil gelatinase associated lipocalin (NGAL) 
in serum (sNGAL) and urine (uNGAL) before and after an 
ultramarathon. 
 Methods: The study population consisted of 16 trained male 
athletes who ran a 60 km ultramarathon. Blood and spot urine 
samples were collected 20 min before and immediately after 
the run. Creatinine was assessed by Jaffe assay on Beckman 
Coulter AU5800 and renal function was expressed as esti-
mated glomerular fi ltration rate (eGFR) by MDRD formula. 
NGAL was measured by fully-automated immunoassay 
NGAL Test ™ on AU 5800. 
 Results: Serum and urinary creatinine increased signifi -
cantly by 38 % and 78 % , respectively. The eGFR contextually 
decreased by 31 % . sNGAL, uNGAL and uNGAL/creatinine 
ratio increased by 1.6-fold, 7.7-fold and 2.9-fold. In six of 16 
athletes (38 % ), the acute post-exercise increase of serum cre-
atinine met the criteria of acute kidney injury. No signifi cant 
relationship was found between pre-exercise, post-exercise 
values and post-exercise variation of sNGAL, uNGAL and 
uNGAL/creatinine ratio. A signifi cant correlation was found 
between pre- and post-exercise changes of serum creatinine 
and sNGAL, but not with either uNGAL or uNGAL/creati-
nine ratio. 
 Conclusions : The acute variations of serum creatinine and 
uNGAL attest that renal impairment is likely to develop after 
long distance running. The uNGAL seems more independent 
from creatinine variation and extra-renal sources, and thereby 
more reliable for monitoring the renal involvement in these 
types of kidney impairment. 
 Keywords:  creatinine;  neutrophil gelatinase associated lipo-
calin (NGAL);  physical exercise;  sports. 
 Introduction 
 It is now well established that the renal blood fl ow is about 
1.2 L/min at rest, that is approximately 20 % of the cardiac 
output  (1) . Physical activity induces profound changes in 
hemodynamics. The increased blood fl ow through the mus-
cles during exercise causes, in fact, a dramatic decrease of 
circulation in the splanchnic and renal districts, which seems 
to be directly proportional to extent and duration of the phys-
ical effort (e.g., in heavy exercise the renal blood fl ow may 
fall to 25 % of the resting value)  (1, 2) . Several mechanisms 
have been advocated to support the perturbation of renal 
hemodynamics in sportsmen, including an increased sympa-
thetic nervous system outfl ow as well as a heightened activ-
ity of two important vasoconstrictors, such as angiotensin 
II and vasopressin  (3) . These changes are counterbalanced 
by a local mechanism of autoregulation, which is aimed to 
preserve the glomerular fi ltration rate (GFR). The resulting 
increased fi ltration fraction, which can be twice as high as in 
the resting condition, partially limits the transfer of metab-
olites or substances through the glomeruli and reduces the 
extent of exercise proteinuria  (4) . 
 A post-exercise, transient proteinuria (i.e., with half-time 
of approx. 1 h) is commonplace in athletes, and appears to 
be directly related to the intensity of the exercise  (4) . It is 
mainly due to a combined mechanism of increased clearance 
of plasma proteins due to increased glomerular permeability, 
and a partial inhibition of tubular reabsorption of macromole-
cules  (3) . Whether a prolonged and heavy reduction of the 
blood fl ow in the kidney may be associated with a parenchy-
mal injury is uncertain and the clarifi cation of this issue has 
been somehow limited by the lack of a reliable biomarker for 
renal damage. Historically, the diagnostic criteria for acute 
kidney injury (AKI) have been essentially based on acute 
variations of serum creatinine or urine output. Although the 
former parameter is still the gold standard for diagnosing 
impaired renal function  (5) , its assessment in the setting of 
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AKI carries several drawbacks, such as dependence from age, 
gender, nutritional status, drugs, muscle mass, as well as a 
suboptimal positive predictive value in patients with prerenal 
azotemia. The negative predictive value of serum creatinine 
is also limited by the large  “ renal reserve ” , as a signifi cant 
variation of serum creatinine becomes evident when over 
half of the GFR is lost  (6, 7) , so that the diagnosis of AKI 
may be substantially delayed by its slow kinetics. The assess-
ment of urine output also carries some caveats, as the nega-
tive predictive value is low (i.e., oliguria is not commonplace 
in all patients with AKI) and the positive predictive value is 
also limited by the fact that oliguric patients do not always 
develop AKI  (6) . 
 Several urinary and serum proteins have been recently pro-
posed and studied as potential biomarkers of AKI, including 
neutrophil gelatinase associated lipocalin (NGAL), cysta-
tin-C (Cys-C), interleukin-18 (IL-18), kidney injury mole-
cule-1 (KIM-1), monocyte chemotactic peptide (MCP-1), 
netrin-1, liver-type fatty acid binding proteins (L-FABP). 
Among these, the best clinical evidence has been accumu-
lated so far for NGAL  (6, 8) . NGAL is a 25-kDa acute phase 
protein largely produced by the kidney tubule, which is also 
up-regulated in other pathological conditions, such as pan-
creatic and rectal cancer, diabetes, atherosclerosis and myo-
cardial infarction  (6, 9, 10) . The members of the lipocalin 
family can also be overexpressed by reactive oxygen species 
(ROS)  (11) , which can be in turn generated by exhaustive or 
acute physical exercise  (12) . 
 Thus, as renal ischemia due to strenuous aerobic exercise 
may cause a serious renal tissue damage and, therefore, an 
AKI, the aim of this study was to assess acute variations in 
NGAL and in creatinine after performing strenuous physi-
cal exercise. For this purpose, we measured urinary NGAL 
(uNGAL), serum NGAL (sNGAL), urinary and serum creati-
nine, the urinary NGAL/creatinine ratio and fi nally, the esti-
mated glomerular fi ltration rate (eGFR) in 16 athletes before 
and after a 60-km ultramarathon run. 
 Materials and methods 
 The study population consisted in 16 trained Caucasian male ath-
letes (mean age: 42 years, range: 34 – 52 years), who had been en-
gaged in specifi c endurance training for 3 to 10 years (mean training 
regimen: 240 ± 32 min/week; maximal oxygen uptake, VO 2 : 65 ± 2 
mL/kg/min). All athletes run a 60-km ultramarathon equipped with 
a heart rate (HR) monitor at 80 ± 4 % VO 2max (the % was calculated 
according to the VO 2 /HR relationship assessed with incremen-
tal test). None of the athletes had acute or chronic diseases, or 
reported intake of medications, including antioxidants or nicotine. 
Strenuous exercise was averted 36 – 48 h before the trial. The trial 
began at 08:00 a.m. and was carried out on a hilly and demanding 
course, on a cloudy and partially rainy day, with temperature from 
6 ° C to 8 ° C, and humidity from 54 % to 87 % . The athletes were of-
fered beverages  ad  libitum during the run to prevent excessive dehy-
dration. Blood and spot urine samples were collected after a fasting 
period of 8 h, 20 min before the participants warmed up ( “ pre-ex-
ercise ” ), and within 10 min after completion of the run ( “ post-exer-
cise ” ). All subjects gave informed consent for being tested, and the 
study was carried out in accordance with the Declaration of Helsinki 
and under the terms of all relevant local legislation. Blood was col-
lected in vacuum tubes containing no additives (Becton-Dickinson, 
Oxford, UK). Creatinine and albumin were assessed by Jaffe, rate 
blanked and compensated assay and bromocresol green, respective-
ly, on a Beckman Coulter AU5800 (Beckman Coulter Inc., Brea, 
CA, USA), with proprietary reagents. The renal function was also 
reported as eGFR, with the equation developed and validated in the 
Modifi cation of Diet in Renal Disease (MDRD) study and further 
modifi ed by Levey et al. for methods traceable to the serum creati-
nine reference system  (13) , as follows: eGFR = 175 × (serum creati-
nine -1.154 ) × (age -0.203 ). The lower limit of the reference range for this 
formula is conventionally fi xed at  < 60 mL/min/1.73 m 2 . sNGAL 
and uNGAL were measured with the fully-automated immunoas-
say NGAL Test ™ (BioPorto Diagnostics A/S, Gentofte, Denmark, 
distributed in Italy by Sentinel Diagnostics, Milan, Italy), on a 
Beckman Coulter AU 5800. The analytical characteristics of this 
assay have been previously described. Briefl y, the intra- and inter-
assay imprecision is comprised between 1.0 % and 2.3 % , the method 
shows optimal linearity between 18 and 790 ng/mL and the calcu-
lated diagnostic cut-off is 200 ng/mL for both serum and urine  (14) . 
The Wilcoxon matched pairs and the  χ 2 (for categorical variables) 
tests were used to evaluate the signifi cance of exercise-induced 
variations. Data with a non-normal distribution were normalized 
using a logarithmic transformation prior to analysis. Statistical 
analysis was performed using with ANALYSE-IT for Excel soft-
ware (Analyse-It Software, Leeds, UK) and the level of statisti-
cal signifi cance was set at p < 0.05. Data are shown as medians and 
interquartile range (IQR). 
 Results 
 The main fi ndings of this study are shown in Table  1 and 
Figure  1 . The plasma volume changes (i.e., hemoconcentra-
tion) after the runs, as calculated from pre- (4.51 g/L, IQR 
4.31 – 4.70 g/L) and post-exercise (4.80 g/L; IQR 4.63 – 4.96 
g/L; p < 0.01) variation of albumin concentration, was 5.6 % 
 Table 1  Variation of creatinine, estimated glomerular fi ltration rate (eGFR) and neutrophil gelatinase associated lipocalin (NGAL) after an 
ultramarathon run. 
Pre-exercise Post-exercise p-Value
Serum creatinine,  μ mol/L  68 (58 – 76)  98 (76 – 118)  < 0.001
Urinary creatinine,  μ mol/L 106 (76 – 142) 168 (138 – 257)  < 0.001
eGFR, mL/min/1.73 m 2 112 (97 – 133)  75 (57 – 99)  < 0.001
Serum NGAL, ng/mL 105 (86 – 158) 196 (139 – 290)  < 0.001
Urinary NGAL, ng/mL  4.4 (0.5 – 33.9)  35.6 (12.5 – 86.3)  < 0.001
Urinary NGAL to creatinine ratio  0.05 (0.01 – 0.26)  0.17 (0.06 – 0.60)  < 0.001
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(IQR 2.2 % – 7.0 % ). Basically, all parameters tested exhib-
ited a substantial variation post-exercise. In agreement 
with previous fi ndings  (15 – 18) , serum and urinary crea-
tinine increased by 38 % (IQR 14 % – 66 % ) and 78 % (IQR 
21 % – 158 % ), respectively. The eGFR contextually decreased 
by 31 % (IQR 14 % – 44 % ). sNGAL, uNGAL and uNGAL/
creatinine ratio increased by 1.6-fold (IQR 1.3 – 2.0 fold), 
7.7-fold (IQR 1.9 – 37.3 fold) and 2.9-fold (IQR 1.6 – 25.8 fold) 
respectively (Figure 1). Abnormal values of eGFR (i.e.,  < 60 
mL/min/1.73 m 2 ) were observed in none of the athletes pre-
exercise and in fi ve athletes (29 % ; p = 0.015) post-exercise. 
In six of 16 athletes (i.e., 38 % ), the acute increase of serum 
creatinine met the Acute Kidney Injury Network (AKIN) cri-
teria for AKI (Stage 1), which are defi ned as 50 % rise in 
serum creatinine  (19) . As regards NGAL, values above the 
calculated cut-off of the test (i.e., 200 ng/mL) were observed 
in one athlete for sNGAL and in none for uNGAL pre-
exercise, as well as in one for sNGAL (i.e., 6 % vs. 6 % ; p = ns) 
and two for uNGAL (i.e., 0 % vs. 12 % ; p = 0.144) post-ex-
ercise. Interestingly, we failed to observe any signifi cant 
relationship between pre-exercise sNGAL and uNGAL 
concentrations (r = – 0.147, p = 0.574), as well as in pre-
exercise sNGAL and uNGAL/creatinine ratio (r = – 0.110; 
p = 0.673). Likewise, no signifi cant relationship was found 
between post-exercise sNGAL and uNGAL values (r = 0.085; 
p = 0.746) and in post-exercise sNGAL and uNGAL/creati-
nine ratio (r = 0.192; p = 0.460). No signifi cant correlation was 
found in the post-exercise variation of NGAL expressed as 
a ratio between post- and pre-exercise values (sNGAL vs. 
uNGAL r = 0.025; p = 0.925, sNGAL vs. uNGAL/creatinine 
ratio r = – 0.016; p = 0.950). Finally, a highly signifi cant cor-
relation was found between pre- and post-exercise changes 
of serum creatinine and sNGAL, (r = 0.813; p < 0.001), but not 
between pre- and post-exercise changes of serum creatinine 
and either uNGAL (r = 0.248; p = 0.338) or uNGAL/creatinine 


























































































































 Figure 1  Variation of creatinine, estimated glomerular fi ltration rate (eGFR) and neutrophil gelatinase associated lipocalin (NGAL) after an 
ultramarathon run. 
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 Discussion 
 It is widely acknowledged that strenuous exercise, espe-
cially marathon running, may be associated with several 
acute complications, including a signifi cant damage to the 
skeletal muscle, the process typically known as  “ exertional 
rhabdomyolysis ”  (20, 21) , gastrointestinal complaints due to 
decreased mesenteric blood fl ow  (22) , as well as rare cardiac 
and thrombotic events  (23) . Although the identical pathologi-
cal mechanisms (e.g., hemodynamic imbalance, infl amma-
tion or oxidative stress) that can trigger gastrointestinal and 
heart damage may also affect the kidney, less is known about 
the potential acute renal impairment developing after strenu-
ous endurance exercise. Acute renal failure may be a serious 
consequence of renal ischemia due to a dramatic reduction 
of renal blood fl ow  (24) , but there are only two studies that 
have investigated the changes in renal markers after long dis-
tance running to the best of our knowledge. McCullough et al. 
assessed the concentration of serum creatinine, serum cystatin 
C, uNGAL and urinary KIM-1 in 25 athletes (13 women and 
12 men) after a marathon running  (25) . At variance with our 
study, baseline values were, however, collected four weeks 
before the marathon, thereby rather far from the trial. Peak 
values of all biomarkers were also measured immediately 
after the race, although only uNGAL and not sNGAL was 
measured. In analogy with our study, nearly 40 % of marathon 
runners (vs. 38 % in our investigation) experienced a transient 
rise in serum creatinine that met the criteria of AKI. A parallel 
elevation of Cys-C and supportive elevations of uNGAL and 
urinary KIM-1 were reported. In particular, the concentration 
of uNGAL increased from 8.2 ± 4.0 to 47.0 ± 28.6 ng/mL, which 
is globally comparable to the rise observed in our study (from 
4.4 to 35.6 ng/mL). Spiropoulos et al. investigated the varia-
tion of lipocalin-2 (i.e., a secreted member of the lipocalin 
protein family that seems effective to inhibit the production 
of erythrocytes) in healthy athletes after an ultradistance foot 
race. In agreement with our fi ndings, a remarkable increase of 
lipocalin-2 concentrations was reached immediately after the 
race, which lead the authors to suggest that exercise-induced 
infl ammation might be an important modulator of lipocalins 
production  (26) . 
 The results of our study are thereby in agreement with those 
of McCullough et al., but put forward several other interest-
ing aspects. First, we have shown for the fi rst time that, along 
with uNGAL, also the serum concentration of this renal bio-
marker dramatically increases after long-distance running. 
Interestingly, the serum increase appears also more homog-
enous among the athletes (e.g., the IQR range of the serum 
variation is comprised between 1.3 and 2.0 fold, whereas that 
in urine, ranges from 1.9 to 37.3 fold). The lack of correlation 
between sNGAL and uNGAL, either considering uNGAL 
alone or the ratio with urinary creatinine in all conditions 
assessed (i.e., pre-, post-exercise values and post-exercise 
variation) attests instead that sNGAL and uNGAL follow a 
rather different kinetics and a potential differential metabo-
lism, in exertional renal impairment. The highly signifi cant 
correlation observed between acute variation of serum creati-
nine and sNGAL, as well as the synthesis and release of this 
protein by sources other than the kidney (e.g., neutrophils, 
bone marrow, uterus, prostate, salivary gland, stomach, colon, 
trachea, lung and liver)  (27) seems to attest that the serum 
increase in our study might be largely independent from the 
renal impairment, but rather attributable to exercise-induced 
infl ammation (e.g., leukocyte production or decrease glom-
erular fi ltration)  (26, 28) . Conversely, the different pattern of 
increase observed in uNGAL would make the urinary assess-
ment of this biomarker more independent from creatinine 
variation and extra-renal sources, and thereby more reliable 
to monitor the renal involvement during this and similar types 
of kidney impairment. 
 Interestingly, one athlete exhibited a very high sNGAL (but 
not uNGAL) basal concentration (i.e., 429 ng/mL), which 
further increased post-exercise, up to 503 ng/mL. Although 
the source of this anomalous data can not be defi nitely estab-
lished, this subject also exhibited leukocytosis pre-exercise 
(i.e., 9.2 × 10 3 / μ L, 70 % neutrophils), whereas the leukocytes 
count was normal in all the other athletes (i.e.,  < 9.0 × 10 3 / μ L). 
Therefore, it is highly conceivable that this increased sNGAL 
value at baseline might have been supported by extra-renal 
causes, most likely by increased release by neutrophils. 
 Regardless of the mechanisms underlying our fi ndings, it is 
well known that when the blood fl ow to the kidneys decays and 
becomes inadequate to supply metabolic demands, a number 
of pathophysiological changes occur, which can ultimately 
result in infl ammation, cell death and tissue dysfunction  (24) . 
Exercise induces thoughtful changes in renal hemodynamics 
and protein excretion. Renal plasma fl ow drops during exer-
cise in relation to the intensity of exercise and renal blood 
fl ow may fall to 25 % of the resting value when strenuous 
work is performed  (1) . Moreover, acute physical exertion has 
been shown to induce an augmented generation of reactive 
oxygen and nitrogen species (RONS) that both can trigger 
an oxidative stress  (29) . This would contribute to support 
an increase of sNGAL, as a ROS-mediated overexpression 
of lipocalin family members has already been clearly dem-
onstrated  (11) . Intraluminal obstruction due to hematuria of 
glomerular origin caused by the prolonged and intense effort 
has occasionally been reported in marathon runners and may 
be an alternative cause  (30, 31) . Nevertheless, gross hema-
turia was absent in our athlete population, and it is thereby 
unlikely that this mechanism has contributed substantially in 
our setting. The development of extreme hemoconcentration 
cannot be considered a reliable explanation for our fi ndings as 
the athletes were offered beverages  ad libitum during the run 
to prevent excessive dehydration. Moreover, the plasma vol-
ume change (i.e., hemoconcentration), calculated from post-
exercise variation of albumin concentration (i.e., 4.80 vs. 4.51 
g/L; median increase  + 5.6 % ), would only partly explain the 
serum ( + 1.6-fold) and urinary ( + 7.7-fold) increase of NGAL. 
 Therefore, all these factors support the evidence that 
strenuous physical exercise increases NGAL and creatinine 
concentration as a consequence of induced adaptation mecha-
nisms, such as the reduction in renal blood fl ow, increases 
in oxidative cellular damage, rises in protein excretion and 
infl ammation. Consequently, it is likely that strenuous aerobic 
exercise might cause some sort of renal tissue impairment. 
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As uNGAL and serum creatinine can be easily and rapidly 
assessed in clinical laboratories, and probably refl ect two 
different pathways of kidney impairment (i.e., tubular and 
glomerular, respectively), their assessment may be advisable 
to monitor the renal function in patients who have recently 
performed strenuous physical exercise, as well as for iden-
tifying those athletes more at risk of developing renal injury 
during strenuous aerobic exercise. 
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 Increased Average Longevity among the  “ Tour de 
France ” Cyclists 
moderate exercise is a healthy practice, vigorous 
competitive exercise is not  [17] . 
 It is now clear that persons (healthy or unhealthy) 
who undergo regular exercise show a reduction 
in their risk of mortality  [15,  21] , but the eﬀ ects 
of competitive sports on health are uncertain 
 [6,  22] . In fact it has been hypothesized that the 
increased risk of cardiovascular disease observed 
in very highly trained athletes might be related to 
the frequent exposure to oxidative stress associ-
ated with strenuous exercise  [9] . In a previous 
work we showed that Tour de France participants 
display mild muscle damage as evidenced by an 
increase in plasma activity of cytosolic enzymes 
such as creatine kinase or aspartate aminotrans-
ferase  [5] . 
 To date, longevity studies of elite athletes have 
been relatively sparse and the results are some-
what confl icting  [19,  20] . In one report coming 
out of a single country (Finland), athletes partici-
pating in multiple sports were tracked for lon-
gevity, and it was reported that long-distance 
 Introduction 
 ▼ 
 A consensus is growing on the importance of the 
relationship between physical activity and health 
and wellness, but the specifi c amount of physical 
activity necessary for good health remains 
unclear  [8] . Continued debate as to how much, 
what type, how often, what intensity, and how 
long the physical activity should be performed, 
has led to the promulgation of numerous diﬀ er-
ent public health and clinical recommendations 
 [1] . Public health recommendations for physical 
activity are 30  min of moderate-intensity activity 
per day, which provides substantial benefi ts for 
sedentary adults. However this amount of exer-
cise may be insuﬃ  cient to prevent unhealthy 
weight gain. Blair et  al. recommend, for persons 
exercising 30  min per day, that they try to build 
up to 60  min per day. It is considered that this 
may provide additional health benefi ts  [1] . It is 
widely held among the general population and 
even among health professionals that although 
 Authors  F.  Sanchis-Gomar 1 ,  G.  Olaso-Gonzalez 1 ,  D.  Corella 2 ,  M. C.  Gomez-Cabrera 1 ,  J.  Vina 1 
 Aﬃ  liations  1  Department of Physiology, Faculty of Medicine, University of Valencia, Spain 
  2  Department of Preventive Medicine and Public Health and CIBER 
Fisiopatolog í a de la Obesidad y Nutrici ó n, Faculty of Medicine, University of Valencia, Spain 
 Abstract 
 ▼ 
 It is widely held among the general popula-
tion and even among health professionals that 
moderate exercise is a healthy practice but long 
term high intensity exercise is not. The specifi c 
amount of physical activity necessary for good 
health remains unclear. To date, longevity studies 
of elite athletes have been relatively sparse and 
the results are somewhat confl icting. The Tour de 
France is among the most gruelling sport events 
in the world, during which highly trained profes-
sional cyclists undertake high intensity exercise 
for a full 3 weeks. Consequently we set out to 
determine the longevity of the participants in the 
Tour de France, compared with that of the gen-
eral population. We studied the longevity of 834 
cyclists from France (n  =  465), Italy (n  =  196) and 
Belgium (n  =  173) who rode the Tour de France 
between the years 1930 and 1964. Dates of 
birth and death of the cyclists were obtained on 
December 31 st 2007. We calculated the percent-
age of survivors for each age and compared them 
with the values for the pooled general population 
of France, Italy and Belgium for the appropriate 
age cohorts. We found a very signifi cant increase 
in average longevity (17  % ) of the cyclists when 
compared with the general population. The age 
at which 50  % of the general population died was 
73.5 vs. 81.5 years in Tour de France participants. 
Our major fi nding is that repeated very intense 
exercise prolongs life span in well trained prac-
titioners. Our fi ndings underpin the importance 
of exercising without the fear that becoming 
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runners and cross-country skiers live signifi cantly longer than 
the general population  [10,  11] . In contrast, a second study 
showed that individuals whose energy expenditure is in the 
range of 3  500  kcal per week exhibit a mortality rate higher than 
that of the sedentary population  [16] . 
 Professional road cycling is an extreme endurance sport. Approxi-
mately 30  000 – 35  000  km are ridden each year in training and com-
petition. Some races, such as the Tour de France (TdF) last 21 days 
( ~ 100  h of competition) during which professional cyclists 
cover   >  3  500  km (see  ● ▶  Table  1 ). In some phases of such a demand-
ing sport, exercise intensity is surprisingly high, since professional 
cyclists must complete prolonged periods of exercise at high per-
centages ( ~ 90  % ) of their maximal oxygen uptake (VO 2max )  [14] . 
Therefore, the TdF is among the most gruelling sport events in the 
world, during which highly trained professional cyclists undertake 
long-term high intensity exercise for a full 3 weeks period. 
 Based on these observations, we decided to test the hypothesis 
that the exercise regimen to which elite cyclists are subjected 
does indeed have a life shortening eﬀ ect relative to the general 
population. Consequently we set out to determine the longevity 
of the participants of the TdF and compared it with that of the 
general population born between 1892 and 1942 (i.  e., the years 
in which the cyclists studied were born). 
 Methods 
 ▼ 
 Study population 
 Of the 1  318 participants, who have cycled the TdF between the 
years 1930 and 1964, only 1  229 riders are considered for which 
there is proof of their date of birth and death. Cyclists who did 
not complete all stages of the TdF were excluded. Other exclu-
sion criteria for this study were: cycling before 1930 or after 
1964 and being born in a country that has contributed less than 
100 participants during this period. Of these 1  229 cyclists, all 
men, 834 came from France (n  =  465), Italy (n  =  196) and Belgium 
(n  =  173), representing the 68  % of participants in the TdF in the 
years studied. The remainder came from 21 diﬀ erent countries 
(see   ● ▶  Fig.  1 ), each represented by only a small number of 
cyclists. To simplify matters, we focused on the 3 countries with 
the largest contingent of the TdF participants and compared the 
longevity of their cyclists with that of the average population in 
their respective countries. Furthermore, these countries have a 
demographic record of the population since the nineteenth cen-
tury, allowing comparison of the survival rates of the riders of 
the TdF with the general population. Only very scattered data 
can be obtained in the literature on cyclists who rode the TdF 
before 1930. Of course, of those who rode after 1964, many are 
still alive and the rate of survival cannot be calculated. This 
leaves us with a broad sample of 834 cyclists (of a possible total 
of 1  318), which constitute a representative population of the 
TdF participants. Survival rates for riders of the TdF between 
1930 and 1964 correspond to years of birth between 1892 and 
1942. This was compared with that of the general population, 
i.  e., men born between 1892 and 1942 (the years in which the 
cyclists studied were born). Our data come from 3 oﬃ  cial elec-
tronic websites ( www.letour.fr ,  www.cyclingarchives.com , 
 www.memoire-du-cyclisme.net ) which contain detailed infor-
mation about every cyclist who has ever taken part in the TdF, 
including dates of birth and death. The average age of death of 
the male general population in the countries of origin was calcu-
lated from data obtained from the human mortality database 
( www.mortality.org ). 
 Dates of birth and death and the percentage of survivors for each 
age, on December 31 st 2007, were recorded to calculate the curve 
both for general population and for cyclists. The percentage of 
survival of cyclists born in each year (from 1930 to 1964) was 
plotted and compared with the calculated values for the pooled 
general population of France, Italy and Belgium for the appropri-
ate age cohorts. 
 The variable named  “ percentage of survivors ” was defi ned as 
follows: number of persons born in a given year who were alive 
on December 31 st 2007 divided by number of persons born in 
that given year. The variable  “ age ” was calculated as: 2007  – year 
of birth. The same applies for the TdF participants. This study 
meets the required ethical standards of this journal  [7] . 
 Statistical analysis 
 This was a case-control study. Statistical analysis was performed 
with SPSS (Chicago, IL, USA) software for Windows (version 17.0). 
Polynomial regression curves for each population were adjusted 
and areas under each curve were measured. Statistical signifi -
cance of the diﬀ erence in areas was calculated by the z- statistic. 
The non parametric Mann-Whitney U test was applied for the 
comparison of the mean of the percent survival for each popula-
tion. The alpha level for statistical signifi cance was set at p  <  0.05. 
 Table 1  Some features of the Tour de France concluded between 1930 and 
1964. 
  TOURS 1930 – 1964 
 average of total kilometres performed per tour  4  537.7  ±  238.5 (km) 
 average total time employed per tour  138.0  ±  16.2 (h) 
 average of completed tours per cyclist  2.4  ±  2.0 (times) 
 average age of cyclists who competed in the tours  27.3  ±  3.6 (years) 
 average speed (all tours)  33.1  ±  2.7 (km / h) 
 Fig. 1  Distribution by countries of the cyclists who participated in the 
TdF between 1930 and 1964. ARG: Argentina; AUS: Australia; AUT: Austria; 
BEL: Belgium; DEN: Denmark; ENG: England; ESP: Spain; FRA: France; 
GER: Germany; ITA: Italy; IRL: Ireland; LIE: Liechtenstein; LUX: Luxembourg; 
MAR: Morocco; NED: Netherlands; POL: Poland; POR: Portugal; 
ROM: Romania; SWE: Sweden; SUI: Switzerland; YUG: Yugoslavia. Algeria is 
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 Results 
 ▼ 
  ● ▶  Fig.  2 shows that longevity of the TdF participants is signifi -
cantly higher than that of the general population (when com-
paring the area under the curve corresponding to the TdF 
participants with that of the general population p  <  0.05). The 
average of survival between 65 and 115 years was 39.1  % in the 
participants of the Tour, while for the general population it was 
21.5  % . The age at which 50  % of the general population died was 
73.5 vs. 81.5 years in the TdF participants, i.  e., 11  % increase 
(see   ● ▶  Fig.  2 ). Note that the values in ordinates are percentage of 
participants alive. For instance, of the 5 persons who were born 
in 1  900 and who rode the TdF between 1930 and 1964, 2 were 
still alive on December 31 st 2007, i.  e., 40  % . Considering all the 
ages studied, the average percentage of survival of the TdF par-




 Low levels of physical activity (2.5  h / week of moderate inten-
sity) reduce mortality by 19  %  [23] . Increasing this to a 1  h ses-
sion 7 days a week (7  h / week) could increase the benefi t to 24  % 
 [23] . Professional cyclists ’ levels of activity are  ~ 30  h / week of 
moderate-high intensity activity  [14] . The eﬀ ect of this level of 
exercise on mortality has been studied very scarcely. In our 
study we show that professional cyclists ’ exhibit increased life 
span. 
 In our opinion, physicians, health professionals and general pop-
ulation should not hold the impression that strenuous exercise 
and / or high-level aerobic competitive sports have deleterious 
eﬀ ects, are bad for one ’ s health, and shorten life. Recently, it has 
been shown that non-vigorous physical activity reduces the risk 
of all-cause mortality  [23] . In another study, Chakravarty et  al. 
have concluded that vigorous exercise at middle and older ages 
is associated with reduced disability in later life and a notable 
survival advantage  [2] . This study demonstrates that even higher 
levels of activity also increase longevity. We have to keep in 
mind that our data are limited to 1964 which is perhaps before 
the time some of today ’ s most dangerous drugs were used, e.  g. 
anabolic steroids, blood doping, etc. Moreover, endurance 
cyclists are a select group and may be a selected population 
because people in poor health are less likely to become cyclists 
and thus they are likely to have healthier habits than the general 
population  [11] . However, while this work was in process, a study 
published by Ruiz et  al. showed that the association between 
strenuous aerobic exercise, undertaken by elite athletes, and 
increased life expectancy is not biased by a genetic selection  [17] . 
Their results indicated that top level athletes have similar disease-
trait-related genotype scores to those observed in non-athletes 
 [17] . However other lifestyle factors could also contribute to the 
increased average longevity among the Tour de France partici-
pants. Former athletes seem to smoke less, consume less alcohol 
and have a healthier diet than the general population  [4] . Our 
results are in accordance with previous studies in which it has 
been demonstrated that an improvement in cardiorespiratory fi t-
ness are associated with a lower risk of mortality from all-causes 
 [12] . In our opinion, the critical benefi cial factor is also being 
physically fi t. Many patients and clinicians are confused about 
what amount of exercise is needed for health  [3] . 
 We are aware of some unavoidable limitations of our study. For 
instance we do not have information on co-morbidities or causes 
of death of the population studied. Likewise, the more conven-
tional longevity analysis to estimate a population survival curve 
from a sample, the Kaplan-Meier curve, could not be used 
because the control population is not closed, for instance human 
migrations cannot be excluded from our analysis. Moreover, we 
know that the cyclists undertook strenuous bouts of exercise in 
their early life, but we do not have data about their physical 
activity in subsequent years. Former athletes are physically more 
active as they age than the age-matched general population  [18] . 
There is a possibility that these exercise habits are likely to 
explain the 17  % increase in average longevity in the cyclists 
when compared with the general population. 
 In spite of these limitations, we conclude that long-term repeti-
tive strenuous exercise does not increase mortality or shorten 
life span. On the contrary, this type of exercise lengthens life 
span (see   ● ▶  Fig.  2 ). The general recommendation should be to 
train and perform exercise frequently. The most recent recom-
mendation regarding exercise was:  “ Even a little is good; more 
may be better! ”  [13] . In view of our results, perhaps it would be 
better to say:  “ Even a little is good; a lot is better if you are well 
trained ” . 
 However it should be noted that this level of physical activity is 
not a plausible and reasonable goal for most people, especially 
for unfi t, middle-aged and older people, or unhealthy persons 
(diabetics or obese patients). We do not claim that one should 
subject himself to a lifelong regimen of strenuous exercise but 
rather that, contrary to previous beliefs, professional competi-
tive exercise, if the subject is previously trained, is a healthy 
practice that may prolong life span. 
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 Fig. 2  Percentage of survival related to age in TdF participants and in the 
general population. Persons born between 1892 and 1942 have been stud-
ied. Average life span of TdF participants is higher (p  =  0.004; 17.5  % ) than 
the general population of the same country in which the cyclists were 
born. The age at which 50  % of the general population died was 73.5 vs. 
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Abstract: Scientific evidence links physical activity to several benefits. Recently, we proposed the idea that exercise can be regarded as a 
drug. As with many drugs, dosage is of great importance. However, to issue a public recommendation of physical activity in aging is not an 
easy task. Exercise in the elderly needs to be carefully tailored and individualized with the specific objectives of the person or group in mind. 
The beneficial effects of exercise in two of the main age-related diseases, sarcopenia and Alzheimer's Disease, are dealt with at the be-
ginning of this report. Subsequently, dosage of exercise and the molecular signaling pathways involved in its adaptations are discussed. 
Exercise and aging are associated with oxidative stress so the paradox arises, and is discussed, as to whether exercise would be advisable 
for the aged population from an oxidative stress point of view. Two of the main redox-sensitive signaling pathways altered in old skeletal 
muscle during exercise, NF-?B and PGC-1?, are also reviewed.  
The last section of the manuscript is devoted to the age-associated diseases in which exercise is contraindicated. Finally, we address the 
option of applying exercise mimetics as an alternative for disabled old people.  
The overall denouement is that exercise is so beneficial that it should be deemed a drug both for young and old populations. If old adults 
adopted a more active lifestyle, there would be a significant delay in frailty and dependency with clear benefits to individual well-being 
and to the public’s health.  
Keywords: Health, adaptation, inactivity, training, aging, NF-?B, PGC-1?.  
INTRODUCTION  
 The definition of health provided by the WHO is “Physical, 
mental, and social well-being, not merely the absence of disease 
and infirmity”. Being physically fit is defined as the physiological 
condition of well-being that enables one to fulfil one’s obligations 
of daily life (physical fitness related to health) and perform sport 
(physical fitness related to performance) or both of these concepts. 
 When an organism lives in new surroundings particular func-
tions are enhanced and compensate for difficulties presented by the 
new situation [1]. The difficulties themselves activate the specific 
changes [2]. During exercise, several homeostatic systems are chal-
lenged and the ability of these systems to maintain or return to ho-
meostasis in response to these challenges is improved. Thus, adap-
tation is the purpose of exercise training. Aging is associated with a 
loss of efficiency of virtually all physiological functions. In general 
terms, aging causes a loss in the capacity to maintain the internal 
milieu of the individual when faced with changes in the external 
atmosphere [3]. Thus, old individuals (men or women ? 65 years) 
lose the capacity to maintain homeostasis and their response to 
exercise differs from young subjects. However, regular physical 
activity is considered of the utmost importance for a healthy life-
style at all ages, but especially in the old population. The benefits of 
an active lifestyle clearly outweigh the potential risks of exercise, 
particularly in older people. Disability levels in a vigorously exer-
cising population remain below that of non-exercisers, and age-
related increases in disability are delayed by approximately fifteen 
years [4]. Following a regular physical activity program increases 
the age of onset of chronic illness and shortens the time between the 
onset of morbidity and death. This represents a significant im-
provement in the quality of life of the elderly and results in major 
reductions in the cost of treating their medical conditions [4, 5].  
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 Physical exercise has become one of the key issues for the pre-
vention of functional impairment and some chronic, degenerative 
diseases among the elderly, whose number increases continuously 
in Western societies [6, 7]. In developed countries, people over 65 
will represent 20- 25% of the population by 2025 and nearly 35% 
by 2050 [8]. I. L. Nascher, the founder of the clinical field of geriat-
rics in the US, described the concept of healthspan (without using 
the term) as a goal of being productive and happy for an individ-
ual’s entire lifespan, rather than seeking longevity despite severely 
hindering impairments of body and mind [8, 9]. Exercise can post-
pone detrimental aspects of aging and contribute to healthspan. 
Maximizing healthspan and preventing dysfunction are at least as 
important as extending lifespan [10]. We have recently observed 
that life-long spontaneous exercise does not prolong lifespan but 
prevents age-associated frailty in animals [11]. A concern of health 
providers is whether increasing longevity will increase disability 
and health costs [12]. Elderly individuals often say they would 
rather keep on feeling healthy than merely live longer [10].  
 Physical exercise is an extremely favorable activity for modu-
lating health and lifespan. Here we review the advantages to health 
it provides the aged population with. Physical activity ("any move-
ment of the body") and exercise ("physical activity that is typified 
by specific and purposeful training") are different concepts [13]. 
However, for the sake of clarity we shall refer to both these con-
cepts interchangeably in this review as some of the reports we refer 
to use these expressions as synonyms [1].  
 The amount of time spent being engaged in exercising declines 
with age [14]. Although after the retirement age (65 years) some 
people show increased participation in activities of light-moderate 
intensity, overall, exercise declines progressively as we grow old 
[14]. In 1991, 38% of the adults over 55 years reported no leisure 
time-physical activity during the previous month, in a telephone 
survey performed in Columbia [14]. While only 24% of adults be-
tween 18-34 years of age reported no leisure-time physical activity. 
Regrettably, physical inactivity and a sedentary lifestyle prevail in 
modern society and they affect especially the older population.  
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PHYSICAL ACTIVITY AND HEALTH, TWO INTERRE-
LATED CONCEPTS AT OLD AGE 
 The idea that physical activity promotes health dates from an-
cient China (2500 BC) [1, 15]. In Greco-Roman times, Hippocrates 
and Galen emphasized the need to recommend exercise for wellbe-
ing [16]. In this regard Plato said: “Lack of activity destroys the 
good condition of every human being while movement and me-
thodical physical exercise saves and preserves it” [17].  
 Morris and co-workers [18], comparing subjects performing 
dissimilar work, concluded that exercise is linked to health. They 
reported that London bus conductors presented a significantly lower 
frequency of Coronary Heart Disease (CHD) than the drivers of 
these vehicles who were more inactive. Subsequently, they com-
pared postmen with more inactive postal office workers and found a 
significant inverse correlation between CHD and physical activity 
[19]. In the 70’s, Paffenbarger and collaborators evaluated the rise 
in the relative risk of mortality due to any reason and to particular 
diseases related to sendentariness [20, 21]. Karvonen et al. reported 
that Finnish elite skiers lived 2.8 – 4.3 years longer than most men 
in Finland [22]. 
 Epidemiological research has shown the advantages of practic-
ing exercise in the prevention and treatment of numerous diseases. 
All subjects who increase their intensity of exercise and fitness 
reduce their relative risk of death (by 20 – 35%) [23, 24]. Moreo-
ver, different studies have shown that the lack of physical activity 
and low levels of physical fitness are associated with increased all-
cause mortality rates [14, 25].  
 Therefore, regular physical exercise clearly brings about health 
benefits and lowers the risk of premature death due to all causes, 
especially due to heart disease, particularly in all asymptomatic 
subjects. 
 A small increment in ~1000 kcal per week in energy expendi-
ture from physical activity or a 1-MET (Metabolic Equivalent) 
increase in fitness is linked with a 20% decrease in mortality [26]. 
One MET represents the approximate rate of oxygen consumption 











 is about 1.2 for a 70 Kg person [14].  
 The advantages of physical exercise are obvious for both 
healthy subjects and patients. Aging is associated with an increased 
susceptibility to many forms of stress, as well as trauma and infec-
tions [3]. The functioning of the immune system is impaired and 
this gives rise to both an increase in auto-immune disease as well as 
to an increased susceptibility to infections [3]. The incidence of 
cancer increases exponentially with age, and the same happens with 
neurodegenerative diseases [3]. The prevalence of all these devas-
tating conditions decreases with exercise as it promotes physiologi-
cal capacities in older adults [14].  
 Indeed, randomized and observational tests have proved that 
regular exercise helps in the treatment of various chronic diseases 
[27, 28]. Proof exists for prescription of physical activity in primary 
and secondary prevention of heart and lung disease, metabolic dis-
orders, bone, muscle and joint diseases, cancer, and depression [6, 
28]. Although physical exercise works as a medication for these 
maladies, as with all drugs the following parameters should be 
taken into account to obtain optimal clinical results: the dose (vol-
ume and intensity of the exercise), administration frequency (hours 
of exercise a week), nature of the exercise (resistance or aerobic), 
systemic and psychoactive effects, as well as secondary effects and 
contraindications [29]. 
THE DOSING OF EXERCISE AT OLD AGE  
 Dosage is vital in clinical medicine and all drugs on the market 
must present details on their safety and efficacy. One must take a 
minimum of physical exercise to achieve health benefits, and while 
such benefits increase if one intensifies the amount of exercise 
taken, the benefits can turn into disadvantages if a certain amount 
of exercise is exceeded [30]. However, the dose response, minimum 
dose, and the maximum safe dose of exercise has not been defined, 
especially at old age [30]. In 1991, Beers and co-workers published 
a set of criteria for inadequate drug prescription in the elderly. They 
reviewed the prescription medicines that should be avoided, exces-
sive dosage, and excessive duration of treatment [31]. Pharma-
cotherapy in the elderly requires an understanding of the age-
dependent changes in function and composition of the body [32]. 
The most important pharmacokinetic change in old age is a de-
crease in the excretory capacity of the kidney. But, as mentioned 
before, aging is characterized by a progressive loss of functional 
capacities of most, if not all, organs.  
 Thus, if we consider that exercise can act as a drug, the inten-
sity of aerobic training must be carefully titrated at old age. There is 
an ongoing debate on how much, how often, what intensity, what 
type, and how lengthy physical activity in the elderly should be. 
This is important for issuing public health recommendations [33].  
 Exercise intensity can be measured in different ways [30]. It 
can be expressed relative to a 10-point scale, oxygen consumption 
(VO2), or heart rate [34]. Moderate-intensity activities are those in 
which heart rate and breathing are raised, but it is still possible to 
speak comfortably. This occurs at around 4–6 METs. Brisk walking 




) is one of such activities. Vigorous-
intensity activities are those in which the heart rate is higher, 
breathing is heavier, and conversation is harder (about 6–8 METs) 
[34], for instance jogging.  
 For healthy adults, it has been shown that exercising even at 
50% of the recommendations (seventy-two minutes of moderate 
exercise a week) appears sufficient to provide some improvement in 
fitness. However, at this low exercise dosage cardiovascular risk 
factors (blood pressure, lipid profile, and weight) do not improve 
[35]. In fact, for many individuals, up to sixty minutes of daily 
physical activity are more appropriate if weight control is the pri-
mary goal [30]. Thus, the dose-response ratio between physical 
activity and health outcomes are different. The evaluation of the 
minimum amount of physical activity (lower dose) necessary to 
achieve beneficial effects has been the subject of intense research. 
Wen and co-workers have recently found that fifteen minutes a day 
or ninety minutes a week of moderate-intensity exercise is of bene-
fit in terms of life expectancy, even for subjects with cardiovascular 
risks [36] (See Table 1).  
 The guidelines discussed above are generally appropriate for 
young to middle-aged adults. 
 To promote and maintain health, older adults need moderate-
intensity aerobic physical activity for a minimum of thirty minutes 
five days a week, or vigorous intensity aerobic activity for a mini-
mum of twenty minutes three days a week. Also, combinations of 
moderate and vigorous-intensity activity can be performed to meet 
this recommendation. Moderate-intensity aerobic activity involves a 
moderate level of effort relative to an individual’s aerobic fitness. 
On a 10-point scale, where sitting is 0 and all-out effort is 10, mod-
erate-intensity activity is a 5 or 6 and produces noticeable increases 
in heart rate and breathing. On the same scale, vigorous-intensity 
activity is a 7 or 8 and produces large increases in heart rate and 
breathing. An important characteristic of exercise in aging is the 
heterogeneity of fitness in the old population. Thus, for some older 
adults a moderate-intensity walk is a slow walk, and for others it is 
a brisk walk. This recommended amount of aerobic activity is in 
addition to routine activities of daily living of light-intensity (e.g., 
self care, cooking, casual walking, or shopping) or moderate-
intensity activities lasting less than ten minutes in duration (e.g., 
walking around the home or office, walking from the parking lot) 
[37].  
 Recently we have shown that training status is a very relevant 
factor in the prescription of the exercise “dose” [38]. Unfit people 
can obtain significant improvement in physical fitness with a low 
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training intensity while people with a higher fitness level need a 
greater exercise intensity to achieve further improvement in fitness 
[39]. In the last decades, the participation of elderly trained people 
in endurance events, such as marathon running, has significantly 
increased [40]. Thus, it is important that the type and intensity of 
physical activity is decided by taking into consideration the training 
status not only in young [29], but also in old individuals. 
 Special precaution should be taken when prescribing exercise to 
older adults, who commonly have chronic medical conditions, low 
fitness levels, and/or functional limitations [37]. For instance, it has 
been shown that vigorous activities are not essential for the reduc-
tion of cardiovascular risk in men over sixty. Regular physical ac-
tivity is enough to achieve a significant decrease in mortality in this 
population. Thus, the greatest benefit to health is gained from sus-
tained moderate exercise, above which there appears to be no fur-
ther benefit to health in older men [41, 42]. 
 The preceding recommendations address the role of aerobic 
exercise to promote and maintain health in old age. However, other 
fitness components can also be trained. It has been shown that peo-
ple who maintain or improve their strength, flexibility, and balance 
are able to perform daily activities better and avoid frailty and dis-
ability, especially as they advance into older age [37]. Thus, it is 
recommended that older adults perform strengthening activities at 
least twice a week, activities that improve balance at least three 
times a week, and minimize the time they spend in sedentary pos-
tures [43]. Muscle strengthening activities, as well as balance exer-
cise and flexibility activity reduce the risk of falls and promote 
physical independence [37]. This is highly important to prevent 
sarcopenia (see next section) which is one of the main causes of the 
frailty syndrome. Frailty in older adults has been characterized as a 
syndrome of weakness, declines in activity, weight loss, and vul-
nerability to adverse health outcomes [44]. It has a tremendous 
impact on the older individual, their family, and society as a whole. 
The interest in this syndrome has been growing over the last decade 
because frailty is the main risk factor for disability in older people 
and also predicts other adverse outcomes like falls, hospitalization, 
and death [44, 45]. Recently we have found that life-long spontane-
ous exercise does not prolong longevity (average or maximal) but 
prevents frailty in a controlled mouse population [11]. 
SYSTEMIC ADAPTATIONS TO EXERCISE DURING AG-
ING 
 Virtually all physiological functions lose efficiency with aging. 
It causes loss in vision, hearing capacity, memory, motor co-
ordination, and other neural functions of physiological importance. 
The force and elasticity of the skeletal muscular system deteriorate; 
there is a lower pulmonary ventilation, lower glomeral filtration in 
the kidneys, and a lower maximal blood flow through the heart. 
Age-associated glucose intolerance has also been reported [3]. Vital 
organs suffer a phenomenon associated with atrophy or degenera-
tion. Among the most notable ones are organs that are composed of 
post mitotic cells such as neurons, myocardial, and skeletal muscle 
cells. Aging is also associated with an increased susceptibility to 
trauma, infections and many other forms of stress [3]. The function-
ing of the immune system is impaired and this gives rise to both an 
increase in auto-immune disease as well as an increased susceptibil-
ity to infections. In this scenario, the exercise-induced adaptations 
are especially important in old age. These adaptations are particu-
larly evident in the cardio respiratory, musculoskeletal system, 
body composition, and metabolism [28, 46]. Moreover, the docu-
mented health benefits of exercise also include diminished symp-
toms of depression and anxiety, among others [47].  
 Skeletal muscle is the main target of exercise training. Modifi-
cations in skeletal muscle are crucial for enhancing endurance and 
metabolic efficiency [48]. Aging has been associated with a de-
crease in mitochondrial biogenesis, induced by different stimuli, in 
skeletal muscle [49]. A functional muscle that has not lost the ca-
pacity to synthesize healthy mitochondria is an important contribu-
tor to the prevention of frailty [50, 51]. Endurance exercise induces 
an increase in mitochondriogenesis, and an increase in fatty acid 
oxidation that ultimately leads to an increase in aerobic capacity 
and retards diseases such as obesity, type 2 diabetes, and cardiovas-
cular diseases [52, 53].  
 Exercise-induced improved psychological well-being has also 
been extensively reported (e.g., through reduced stress, anxiety, and 
depression) [54]. The beneficial effects of exercise on cognitive 
function are well known in both young and aged animals [55]. 
There is no doubt that exercise training is a good strategy to prevent 
Alzheimer's Disease (AD) [56]. Exercise is associated with an in-
creased expression of neurotrophic factors in several brain areas 
which are related to better memory and improved cognitive func-
tion.  
 The Brain-derived neurotrophic factor (BDNF) can enhance the 
survival and differentiation of neurons and voluntary exercise has 
been shown to increase it [57]. Aged brains are responsive to exer-
cise-induced BDNF expression [58]. Neurotransmitter systems are 
also affected by exercise. Treadmill running decreases dopamine 
depletion in the striatum of Parkinsonian rats, suggesting that exer-
cise may be a potential intervention to reduce the incidence of Park-
inson's disease [59]. The exercise-induced increase in serotonin and 
acetylcholine levels also seems to play a role in exercise-induced 
benefits on cognition [60]. 
 Exercise is particularly important for the prevention and man-
agement of many chronic diseases such as diabetes, osteoporosis, 
hypertension, obesity, cancer, and depression [28]. Physical activity 
results in specific adaptations that affect individual states in all of 
these diseases. For instance, adaptations that affect glucose homeo-
Table 1. Historical evolution in physical activity recommendations and guidelines. 
Physical Activity Recommendations 
 
Intensity Minutes Frequency Reference 
Moderate exercise  
(5 to 6 on a 10-point scale) 
30 minutes/day in bouts of at least 
10 min each 
 A minimum of 5 days/week [165] 
Older adults  
(ages >65)  
Vigorous intensity (7 to 8 on a 
10-point scale) 
At least 20 minutes/days  A minimum of 3 days/week [165] 
Moderate exercise  Thirty minutes/day (150 per week) 
Most days of the week (5 
days/week) 
[180] Healthy adults (ages 18-
45) 
Vigorous exercise 75 minutes/week [180] 
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stasis, in type 2 diabetes, are of great importance. Several changes 
occur as a result of regular physical activity, including increased 
glycogen synthase and hexokinase activities, increased GLUT-4 
mRNA and protein expression, and improved muscle capillary den-
sity (resulting in improved glucose delivery to the muscle) [61].  
 Exercise causes a significant reduction in the incidence of can-
cer (specifically colon and breast cancer) [6, 62]. Possible explana-
tions include reductions in fat stores, increased energy expenditure 
offsetting a high fat diet, activity-related changes in sex hormone 
levels, immune function, insulin and insulin-like growth factors, 
free radical generation, and direct effects on tumor cell biology 
[63]. This is especially relevant in the elderly because the incidence 
of cancer increases exponentially with age [3]. 
EXERCISE, AS A PSYCHOACTIVE DRUG. ROLE IN ALZ-
HEIMER'S DISEASE  
 Exercise training can favorably influence cognitive function 
[64, 65]. It improves learning, memory, quality of sleep [66], and 
counteracts the mental decline that comes with age [67]. Regular 
exercise facilitates functional recovery from brain injury [68], and 
depression [69, 70]. This may be explained because is a very pow-
erful stimulus to the induction of neurogenesis in the adult dentate 
gyrus [66] that can contribute to remodeling hippocampal synaptic 
circuits and to enhancing cognitive function. Exercise training can 
also mitigate the consequences of acute exposure to different types 
of psychological stress [65]. The exercise-induced alterations in 
serotonergic and in norephinephrinergic systems can explain these 
responses [65]. Most of the positive effects of exercise, as men-
tioned previously, have been related to the induction, in different 
brain areas, of neurotrophic proteins, including the BDNF, glyal-
derived neurotrophic factor (GDNF), and insulin growth factor 
(IGF). Exercise also induces transient increases in local cerebral 
glucose uptake and in cerebral blood flow in the different brain 
areas, in both rats and humans [71]. This is very important because 
memory disturbances in the normal elderly are intimately related to 
hypoxia, a reduction in blood supply, and glucose hypometabolism 
in the hippocampus and a number of key brain areas [72].  
 The incidence of neurodegenerative diseases increases expo-
nentially with age. Alzheimer's disease is the most frequent cause 
of dementia in Western societies. The prevalence worldwide is 
estimated to be as high as 24 million. The incidence of Alzheimer’s 
is expected to double every 20 years until 2040 [73]. Exercise has 
clear beneficial effects on AD patients. Recently, a specific walking 
program has been shown to stabilize the progressive cognitive dys-
function in patients in the latter stages of AD, improving not only 
their activities of daily living, but also their cognitive state [74]. 
Results supporting that idea have been found previously. 
Blankevoort’s systematic review about interventions in patients 
with dementia indicates that physical exercise produces an im-
provement in their physical function at every stage of the illness 
[75]. Furthermore, AD patients recruited by the National Health 
Service Memory Clinic in the UK who followed an intervention 
consisting in fifteen exercises focused on fine motor involvement, 
balance and hand-eye coordination besides the Brain Gym Pro-
gramme, experienced significant improvement in attention and 
visual memory [76]. These are just some examples of an abundant 
literature on the use of physical exercise as treatment in AD. Physi-
cal exercise can play an important role not only in the treatment of 
AD but also in its prevention. Data from animal models of AD has 
shown the protective effect of voluntary exercise on the disease by 
reducing amyloid deposition and enhancing amyloid beta clearance, 
the major constituent of plaques in AD. Treadmill exercise has also 
been shown to ameliorate the accumulation of phosphorylated tau, 
an essential component of neurofibrillary tangles in AD. An im-
provement in learning and memory has also been found. These 
findings are consistent with studies in normal and aged animals, 
showing that exercise improves learning and memory through in-
creased hippocampal plasticity [77].  
 The studies performed in humans support the findings in ani-
mals. A recent example is a prospective study carried out on a co-
hort of 716 old people without dementia who were participating in 
the Rush Memory and Aging Project. Total daily exercise and 
physical activity were measured by actigraphy. After four years of 
follow-up, 71 people had developed AD. They conclude that a 
higher level of physical activity was associated with a lower risk of 
AD [78]. The opposite situation has also been described. Sedentary 
lifestyle (with less than 5 hours of activity per week) has been sig-
nificantly associated with more than double risk for dementia [79]. 
Although there is an enormous variability in assessment and out-
come measures, the positive association between physical exercise 
with AD risk is clear.  
PREVENTION OF SARCOPENIA BY PHYSICAL EXER-
CISE 
 Irwin Rosenberg in 1989 proposed the use of the Greek term 
sarcopenia (meaning ‘sarx’ for flesh and ‘penia’ for loss) to de-
scribe the loss of muscle mass among older people, a loss that can 
be dramatic [80]. This age-associated loss of muscle mass is linked 
to a loss of muscle quality and strength [81]. Various cellular and 
molecular factors are involved in the development of sarcopenia, 
such as changes in muscle fibre phenotype, protein muscle synthe-
sis and degradation, mitochondrial function, and cytokines [10]. 
Muscle fibre loss occurs as early as age 25, but the situation be-
comes dramatic at age 80 when a loss of 40% of muscle mass oc-
curs [82]. Functionally debilitating sarcopenia affects approxi-
mately 7% of adults over 70, and up to 20% of those over 80. The 
estimated cost of sarcopenia-related health issues to the US health 
care system is more than 18 billion dollars annually.  
 Interventions intended to prevent or delay sarcopenia are clearly 
desired. Although the number of causative factors is high, physical 
inactivity has been linked to a higher risk of sarcopenia [81]. There 
is a plethora of experimental data on the potential therapeutic bene-
fits of physical activity and exercise [83-85]. Physical activity elic-
its a wide range of beneficial metabolic and functional adaptations 
in the aged skeletal muscle, improving physical capacity [86], 
contractile protein synthesis [87], mitochondrial function [88], and 
insulin action [89]. The exercise-induced stimulation of muscular 
protein anabolism in older persons is achieved through the activa-
tion of the mammalian target of rapamycin (mTOR) [90]. Moreo-
ver, the down-regulation of myocyte apoptosis through exercise 
training is linked to the preservation of muscle integrity and im-
proved physical performance in later life [91].  
 Both aerobic and resistance exercise are beneficial to the eld-
erly, but resistance exercise is doubtless the most recommended 
strategy to prevent sarcopenia due to its direct effects on skeletal 
muscle [92, 93]. Aerobic exercise increases VO2max, cardiac stroke 
volume, reduces heart rate and blood pressure, and reduces body fat 
percentage in the old population [94]. However, this type of exer-
cise does not significantly prevent the age-related decrease in mus-
cle mass and strength [95]. Resistance exercise is the performance 
of dynamic or static contractions against external resistance of vary-
ing intensities [96]. This type of training can be performed at old 
age by using hand weights, light free weights, or stretching bands 
[97]. Muscle protein synthesis decreases during an exercise session, 
but it increases during recovery from resistance exercise for up to 
48 hours [98]. During the immediate post-resistance exercise recov-
ery period in which mTOR and several up- and downstream kinases 
involved in muscle synthesis are activated [99]; the stimulation of 
muscle protein synthesis with contractile activity promotes adaptive 
muscle hypertrophy [100]. Resistance training counteracts sarco-
penia by increasing muscle mass and strength in older adults and 
the frail elderly [83]. Moreover, it has also been associated with 
improvements in aerobic fitness, function, and performance of ac-
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tivities of daily living [101, 102]. Thus, physical exercise is cur-
rently considered the primary countermeasure to prevent sarcopenia 
[103]. Furthermore, resistance exercise helps even very old, frail 
persons to retain the ability of improving muscle mass, strength, 
and physical performance [50]. The lack of motivation of most 
persons is a handicap of physical exercise in counteracting age-
related muscle loss. In addition, many older adults may not be able 
to engage in physical exercise due to comorbidity and disabling 
conditions. Therefore, the clinical status of old people should be 
taken into consideration and individualize exercise programs [104]. 
Overall, the old population is encouraged to maintain high levels of 
physical exercise to prevent muscle mass loss and, therefore, sarco-
penia.  
THE OXIDATIVE STRESS PARADOX. DOES EXERCISE 
ALLEVIATE OR INCREASE FREE RADICAL PRODUC-
TION AT OLD AGE?  
 Both exercise and aging increase reactive oxygen species 
(ROS), which can result in damage to cells [105] and aging also 
causes an increase in mitochondrial free radical production [3]. 
Exercise increases free radical production mainly by increasing the 
activity of oxidases, such as NAD(P)H and xanthine oxidases [106]. 
ROS can cause oxidative stress if they overwhelm the cellular anti-
oxidant defenses [105], therefore it is not clear whether aged indi-
viduals are more susceptible to some of the harmful effects of rig-
orous exercise as a result of increased exposure to ROS [107]. 
 Skeletal muscle generates ROS during contractile activity. Re-
search in this area started in 1954, when the first data showing that 
free radicals are present in muscle were published [108]. However, 
the first suggestion that exercise was associated with an increase in 
lipid peroxidation did not appear until the late 1970s [109], and it 
was not until the 1980s that the first link between muscle function 
and free radical biology was identified. Koren and co-workers 
showed that free radical content is elevated in isolated frog limb 
muscles stimulated to contract repetitively [110]. Shortly afterward, 
a ground-breaking report was published showing a 2- to 3-fold 
increase in free radical content in skeletal muscle from rats run to 
exhaustion [106]. These findings were associated with three aspects 
of fatigue that are now well recognized: increased lipid peroxida-
tion, decreased control of mitochondrial respiration, and decreased 
integrity of the sarcoplasmic reticulum. The same study showed 
that Vitamin E deficiency magnified these three changes, indicating 
that exercise-induced changes were sensitive to both free radical 
production and antioxidant buffering [106]. Since then, research in 
the area has grown rapidly. It is now clear that intense muscular 
contractile activity can result in oxidative stress not only in animals 
but also in humans. For instance, we found that during the Tour de 
France, cyclists showed significant increases in plasma malondial-
dehyde levels [111]. We also reported similar results in athletes 
after marathon running [112].  
 There are several potential tissue sources in which ROS may be 
produced during exercise: heart, lungs, white blood cells, and skele-
tal muscle have been the most studied [113, 114]. At the subcellular 
level, several sources of free radicals have been studied in skeletal 
muscle during exercise [115]. In the past it was assumed that an 
increase in oxygen consumption by mitochondria would lead to an 
increase in O2
•-
 formation. However, recent research suggests that 
mitochondria may not be the dominant source of ROS during exer-
cise [115, 116]. The role of xanthine oxidase (XO) in oxidant gen-
eration during high-intensity intermittent exercise has long been 
recognized [112, 117, 118]. Depletion of ATP during demanding 
muscle contraction results in an accumulation of hypoxanthine and 
xanthine and conversion of xanthine dehydrogenase to XO. These 
conditions set the stage for generating O2
•-
 when oxygen is replen-
ished to relatively hypoxic muscle [119]. Allopurinol, an inhibitor 
of XO, widely used in the clinical practice to treat gout, decreases 
muscle oxidative stress after exhaustive exercise both in humans 
and in rats [111, 120, 121].  
 There are many theories of aging [3]. One of the most promi-
nent is the free radical theory of aging which was initially proposed 
by Harman in the 1950s [122]. It proposes that free radicals derived 
from oxygen are responsible for damage associated with aging. The 
antioxidant systems are unable to counterbalance all the free radi-
cals continuously generated during the life of the cell. This results 
in oxidative damage in the cell and thus in tissues. There is a great 
deal of experimental proof in support of this theory. The finding in 
the laboratory of Britton Chance, that ~2% of oxygen consumed by 
mitochondria in state 4 is converted to hydrogen peroxide, under-
pinned the role of mitochondria in ROS production [123]. These 
experiments led Jaime Miquel to refine the free radical theory of 
aging and in the ‘70s he formulated the mitochondrial free radical 
theory of aging. The main contributions of Miquel were emphasiz-
ing the importance of mitochondrial DNA as a target of oxidants 
produced during aging, and pointing out that mitochondriogenesis 
might be impaired in aging [124].  
 The mitochondrial theory of aging, although recently ques-
tioned [125], has been tested in various laboratories and there are 
many reports in its support [126, 127]. The continuous free radical 
generation by mitochondria during the whole life span causes a 
chronic oxidative stress that plays a critical role in aging [122, 128]. 
Antioxidant enzyme activities in skeletal muscle are increased at 
old age [129, 130]. However, protein and mRNA levels of antioxi-
dant enzymes are either decreased or unaltered [131, 132]. Some 
biological factors (reviewed in the next section) prevent aged skele-
tal muscle from achieving the higher levels of adaptation normally 
seen in young muscles, thus leading to loss of mass and function. 
Aging also increases the incidence of muscle injury, and the in-
flammatory response can lead old muscle to further oxidative stress 
[107]. Moreover, muscle repair and regeneration capacity is re-
duced at old age [107]. In this scenario, the question of whether 
exercise is harmful or beneficial for the old skeletal muscle, in 
terms of oxidative stress, seems appropriate. Elderly persons who 
are physically active benefit from exercise-induced adaptation in 
cellular antioxidant defense systems [107]. Bejma and Ji found high 
levels of ROS generation when old muscles were subjected to an 
acute bout of exercise [133]. However, the same authors found that 
exercise training (10 weeks) resulted in lower levels of skeletal 
muscle and myocardium lipid peroxidation [134, 135]. It has also 
been shown that exercise training improves muscle mitochondrial 
respiratory control in old trained rats when challenged with external 
oxidants [107]. Moreover, improved muscle mechanics, strength, 
and endurance make old muscles less vulnerable to acute injury and 
chronic inflammation. These findings show that the adaptability of 
muscle to training found in the young animals does not completely 
disappear at old age [107]. However, due to the increased suscepti-
bility of aged muscle to oxidative stress and even to damage, there 
are some aspects that should be taken into consideration with regard 
to the aged population participating in regular exercise training. Old 
individuals should carefully select a progressive exercise protocol 
to minimize oxidative stress [107]. 
SIGNALING PATHWAYS REGULATED BY EXERCISE IN 
SKELETAL MUSCLE, ALTERED DURING AGING 
 Exercise regulates cellular functions by different stimuli: altera-
tions in metabolite concentrations, a shift in the ATP/ADP ratio, 
changes in Ca
+2
 and intracellular pH, and activation of redox-
sensitive signaling pathways [136, 137] (See Fig. 1). Physical exer-
cise can activate the mitogen-activated protein kinase signaling 
pathways (MAPKs), including the extracellular signal-regulated 
kinases 1 and 2 (ERK1/2) [138], the p38 kinase [139], and the c-Jun 
NH2-terminal kinase (JNK) [138]. It can also increase the activity 
of the AMP-activated protein kinase (AMPK), Akt, SIRT1, and  
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p70S6 kinase [136, 140]. The Ca
+2
-regulated signaling has also 
been extensively shown. In addition to triggering muscle contrac-
tion through the troponin system, Ca
+2
 is involved in the regulation 
of relevant intracellular proteins, such as protein kinase C, cal-
cineurin, and calmodulin kinase, which mediate cellular signal 
transduction [141]. More recently, it has been shown that ROS play 
multiple regulatory roles in cells, such as the control of gene ex-
pression, regulation of cell signaling pathways, and modulation of 
skeletal muscle force production [142]. Thus, a moderate amount of 
free radicals may be seen as beneficial as they act as signals to en-
hance defenses, rather than deleterious as they are when cells are 
exposed to high levels of these radicals [143]. A major conclusion 
that can be drawn from these results is that exercise itself is an anti-
oxidant, because training increases the expression of antioxidant 
enzymes [116].  
 The following are some of the most relevant redox-sensitive 
signaling pathways modulated by exercise: the peroxisome prolif-
erator-activated receptor-? coactivator-1? and ? (PGC-1? and PGC-
1?) [144, 145], p53 [146], the hypoxia-inducible factor 1 (HIF-1) 
[147], the heat shock factor (HSF) [148], the nuclear Factor-?B 
(NF-?B), and the MAPK signaling pathways [137, 139]. Several 
important adaptations in skeletal muscle, such as mitochondrial 
biogenesis, antioxidant defense, hypertrophy, cytoprotection, and 
fiber transformation are regulated primarily by these pathways; 
thus, its regulation is tightly controlled [114]. Aging impairs most 
of the cell signaling transduction pathways modulated by exercise 
in skeletal muscle [49, 149, 150]. For instance, Williamson et al. 
[151] reported higher resting activities of ERK 1/2, p90
RSK
, p38, 
and JNK/SAPK in the leg muscle of old men compared to young 
ones. However, aged muscles decreased MAPK enzyme activities 
after an acute bout of resistance contraction, whereas young ones 
increased these enzyme activities.  
 Nuclear Factor-?B is one of the main redox sensitive transcrip-
tion factors and has a key role in regulating the immune response to 
infection [152]. NF-?B is also constitutively activated at old age, 
which leads to the higher basal expression of pro-inflammatory 
cytokines, chemokines, adhesion molecules, and ROS-generating 
enzymes such as cyclooxigenase. Chronic activation of NF-?B has 
been identified as a main reason for aged-related muscle wasting 
and sarcopenia [153]. Yu and Chung [154] demonstrated that 4-
hydroxynonenal, a lipid peroxidation product often found in aged 
muscle, could activate the following pathway: p38? NIK?IKK? 
NF-?B. Since NF-?B activation often leads to increased pro-
inflammatory cytokine expression, this vicious cycle was hypothe-
sized as the basis for the inflammation theory of aging. The chronic 
activation of NF-?B in skeletal muscle at old age seems to be part 
of a general cellular adaptive response aimed at providing protec-
tion against subsequent, damaging insults [150]. However, there is 
a failure to activate NF-?B fully in the skeletal muscle of old ani-
mals following contractile activity [150] although the mechanisms 
responsible for this fall are unclear.  
 Another relevant co-activator affected by aging is PGC-1? 
which acts as a master regulator of energy metabolism and mito-
chondrial biogenesis by coordinating the activity of multiple tran-
scription factors [155]. Aging has been associated, in skeletal mus-
cle, with reductions in mitochondrial oxidative phosphorylation 
activity, mitochondrial DNA mutations, reductions in mitochondrial 
DNA content, decreased activities of the mitochondrial electron 
transport chain, and altered apoptotic signaling [156]. Thus, the 
promotion of mitochondriogenesis is critical to prevent aging in 
skeletal muscle. We have recently shown that muscle from old rats 
presents a marked loss in mitochondriogenesis and that this may be 
due to a lack of induction of PGC-1? [157]. We found a striking 
similarity between the response to exercise training in PGC-1? KO 
mice and in old rats. In young rats, PGC-1? was activated in skele-
tal muscle not only by training but also by exposure to the cold or 
triiodothyronine. However, in old animals, we found an age-
associated lack of expression of PGC-1? in response to exercise 
training or to any of the other stimuli tested in rat skeletal muscle. 
Our study highlighted the importance of maintaining a normal 
PGC-1? responsiveness to maintain normal muscle function [157]. 
 The mechanisms responsible for the failure of the activation of 
relevant cell signaling pathways in the old skeletal muscle by exer-
cise are unclear but they seem to be involved in the process and 
intervene in age-related development of muscle deterioration [150]. 
We have recently hypothesized that lifelong exercise training may 
prevent the failure of old muscles to respond to exercise [11].  
CONTRAINDICATIONS OF EXERCISE AT OLD AGE 
 Under some circumstances, physical exercise is not useful to 
increase quality of life. Older individuals are living with a signifi-
cant burden of chronic disease, geriatric impairments in cognition, 
vision, hearing, and reduced physiological reserve. They have an 
increased susceptibility to age-related diseases, such as cancer, 
cardiovascular and neurodegenerative diseases, and insulin-
independent diabetes. Although both the heart and the lung signifi-
cantly benefit from physical activity, there are some contraindica-
tions when exercise is performed by subjects suffering from heart 
or pulmonary diseases [1].  
 For instance and regarding coronary heart disease, exercise is 
contraindicated until the condition has been stable for at least five 
days; dyspnea at rest, aortic stenosis, pericarditis, myocarditis, en-
docarditis, fever, and severe hypertension are all contraindications 
of exercise [6]. The incidence of heart failure increases with age, 









Fig. (1). Cell signaling pathways involved in exercise-induced adaptations in skeletal muscle. 
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hypertension and coronary artery disease. Thus, exercise should be 
prescribed with caution to these individuals [158]. 
 There are no absolute contraindications to very moderate exer-
cise in chronic obstructive pulmonary disease patients [6]. How-
ever, acute exacerbations of the disease are associated with in-
creased mortality and hospitalization, especially in older patients 
[159]. As in asthma patients, a pause in training is recommended 
when an acute exacerbation occurs. In cases of infection, a pause in 
training is recommended until the patient has been asymptomatic 
for a day, whereafter training can be slowly resumed [6].  
 Exercise is contraindicated in cases of acute joint inflammation 
if pain worsens after training [6]. With increasing age, there is a 
significant reduction in bone formation. Age-related bone loss is 
also seen in men [160]. The training of patients with osteoporosis 
should include activities with a low risk of falling [6].  
 Cancer in older persons is an increasingly common problem, 
due to the progressive prolongation of the life-expectancy of the 
Western population [161]. Exercise is contraindicated in cancer 
patients being treated with chemotherapy or radiotherapy when a 
leukocyte concentration falls below 0.5x10
9
/L, hemoglobin below 
10 g/dL, thrombocyte concentration below 20x10
9
/L, and tempera-
ture above 38ºC. Patients with bone metastases should not perform 
strength conditioning at high load [6].  
 Diabetes affects 10.9 million US adults aged 65 years and older 
[162]. In diabetic patients (both type I and II) exercise should be 
postponed if blood glucose is >2.5 g/L together with ketonuria and 
>3.0 g/L even without ketonuria, in both cases before it is cor-
rected.  
 In patients with hypertension and active proliferative retinopa-
thy, high-intensity training or training involving Valsalva-like ma-
neuvers should be avoided. Patients with neuropathy and incipient 
foot ulcers should refrain from activities entailing the bearing of the 
patient’s own body weight. Hypertension is highly prevalent among 
older adults, and aging of the population will substantially increase 
the prevalence of this condition. Age-related endothelial dysfunc-
tion and increased arterial stiffness contribute to the increased 
prevalence of hypertension, particularly systolic hypertension, 
among the elderly [163]. Hypertensive patients with a blood pres-
sure higher than 180/105 should begin pharmacotherapy before 
regular physical activity is initiated [164].  
EXERCISE MIMETICS. AN ALTERNATIVE FOR DIS-
ABLED OLD PEOPLE?  
 Physical inactivity is a pressing public health issue [165]. But 
exercise may be impractical because of physical limitations or side 
effects. This stimulates the search for exercise mimetics (or “exer-
cise pills”) that mimic exercise [166] (See Fig. 2). 
 As mentioned in a previous section, exercise improves per-
formance by activating several pathways particularly in skeletal 
muscle. AMPK is activated by exercise and is fundamental for an 
exercise-mediated switch to aerobic myofibers in the muscle [167]. 
AMPK suppresses anabolic and stimulates catabolic pathways to 
restore cellular ATP levels [48, 168]. Recently, it has been reported 
that 5’-aminoimidazole-4-carboxamide-1-beta-D-ribofuranoside 
(AICAR) can mimic the exercise effect by increasing the GLUT-4 
protein, hexokinase activity, resting glycogen content, and muscle 
mitochondria [169]. AICAR is an acute activator of AMPK, which 
is taken up by cells and mimics the effects of AMP on AMPK 
[170]. One of the main characteristics of the aging muscle is a de-
cline in mitochondrial function [156]. Thus, the activation of 
AMPK is a potential target to restore this deficiency. Conflicting 
results have been published on the effect of AICAR treatments in 
the skeletal muscle of old animals. Reznick and co-workers re-
ported that AMPK activation was abolished in old Fischer 344 rats 
















Fig. (2). Exercise mimetics. An alternative for disabled old people. 
 
stimulated activation of AMPK in old compared to young rat mus-
cles have been reported by other research groups [171]. More re-
search is needed to elucidate the potential beneficial effects of AI-
CAR in old individuals.  
 We have recently proposed several pharmacological, non-
hormonal interventions to prevent the age-associated loss of muscle 
mass and sarcopenia, such as angiotensin II receptor antagonists, 
allopurinol, and PGC-1? activators [172]. Targeting PGC-1? activ-
ity may be a fruitful approach to delay the aging process. One 
promising candidate is resveratrol [173], a plant polyphenol com-
monly found in red wine that has been considered as an exercise 
mimetic. High doses of resveratrol improve endurance [174] and 
may act as a caloric restriction mimetic [175, 176]. Sirt1 has been 
identified as its putative primary target. It is known that Sirt1 is a 
positive regulator of PGC-1? [174] and as such has the potential to 
influence pathways involved in mitochondrial biogenesis and oxi-
dative metabolism. As Sirt1 is also activated with exercise it has 
been suggested that resveratrol promotes mitochondrial biogenesis 
and decreases mitochondrial oxidative stress in a Sirt1-dependent 
fashion [174, 177], thus potentiating the possibility of replacing 
damaged mitochondria in aged animals. However, there are dis-
crepancies on the role of resveratrol as an exercise mimetic in ag-
ing. It improves parameters of aging at low doses in mice although 
its impact on aging in primates is not known [178]. Further work is 
needed to determine if resveratrol has the potential to be an effec-
tive therapeutic agent to treat muscle functional impairment in ag-
ing [179].  
 Finally, activation or over-expression of the transcription factor 
PPAR? in muscle also results in an increase in mitochondrial bio-
genesis and in the proportion of oxidative muscle fibers [169]. This 
results in increased running endurance and protection against diet-
induced obesity and type 2 diabetes. Thus, several potent and selec-
tive PPAR? agonists, such as GW1516 have also been proposed as 
endurance exercise mimetic drugs [169]. To our knowledge, 
GW1516 has not been yet tested in old animals.  
 In our opinion, the applicability of these compounds currently is 
limited in both the young and old populations.  
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ABBREVIATIONS  
AD = Alzheimer's Disease 
AICAR = 5’-aminoimidazole-4-carboxamide-1-beta-D-
ribofuranoside  
AMPK = AMP-activated protein kinase  
BDNF = Brain-derived neurotrophic factor 
CHD = Coronary Heart Disease 
ERK1/2 = Extracellular signal-regulated kinase 1 and 2 
GDNF = Glyal-derived neurotrophic factor 
IGF = Insulin Growth Factor  
JNK = c-Jun NH2-terminal kinase  
MAPK = Mitogen activated protein kinase 








MnSOD = Mitochondrial superoxide dismutase  
mTOR = Mammalian target of rapamycin 
PGC-1? = Peroxisome proliferator-activated receptor-? 
coactivator-1?  
PPAR? = Peroxisome proliferator-activated receptor ?  
ROS = Reactive oxygen species 
SCD = Sudden cardiac death  
VO2 = Oxygen consumption  
XO = Xanthine oxidase  
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and 5 of 11 patients with IgM MGUS (45%), as 
defined by consensus criteria,1 were positive for 
MYD88 L265P expression by either conventional 
or quantitative AS-PCR assays (Fig. 1).
These studies would suggest that IgM MGUS 
itself is heterogeneous and that MYD88 L265P is 
probably a driver mutation. This mutation could 
give a competitive growth advantage to an early, 
possibly Waldenström’s macroglobulinemia–
bound clone and even a predisposition to other 
mutations that facilitate progression to sympto-
matic Waldenström’s macroglobulinemia. Addi-
tional common somatic mutations in CXCR4, 
ARID1A, MUC16, TRAF2, and TRRAP have been 
revealed by whole-genome sequencing in pa-
tients with Waldenström’s macroglobulinemia, 
which could serve as triggers for progression 
from IgM MGUS.3 Thus, longitudinal genomic 
studies are needed to delineate such a “multihit” 
hypothesis and to clarify the role of MYD88 
L265P as a precursor to Waldenström’s macro-
globulinemia, as compared with other IgM-secret-
ing B-cell cancers.
Steven P. Treon, M.D., Ph.D.
Lian Xu, M.S.
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Figure 1. MYD88 L265P Expression in Healthy Donors and in Patients 
with IgM MGUS and Waldenström’s Macroglobulinemia. 
Shown are allele-specific values for CD19+ selected cells from 40 healthy 
donors (10 samples from bone marrow aspirates and 30 from peripheral 
blood) and from 11 patients with IgM monoclonal gammopathy of undeter-
mined significance (MGUS) and 96 patients with Waldenström’s macro-
globulinemia (WM) (all samples from bone marrow aspirates) in whom the 
diagnosis was determined by consensus criteria.1 The values were calculat-
ed by means of quantitative polymerase-chain-reaction (PCR) assay expressed 
as the difference in cycle threshold (dCt) between the gene of interest and 
the endogenous control. The disease groups are stratified according to the 
presence or absence of the MYD88 variant, with smaller qPCR dCT values 
 indicating greater expression. Median values are shown by thick horizontal 
lines and interquartile and total ranges by box and whisker plots, respectively, 
for each group with an overlay of individual data points. Pairwise compari-
sons of MYD88 L265P expression versus wild-type expression were highly 
significant (P<0.001 by Tukey’s HSD [honestly significant difference] test).
The Skeletal Muscle–Metabolism Axis in Prostate-Cancer Therapy
To the Editor: Basaria and Bhasin (Sept. 6 is-
sue)1 report that men with prostate cancer who 
are receiving androgen-deprivation therapy have 
multiple adverse events. The authors included 
follistatin and irisin between the main targets of 
investigation to prevent and treat the metabolic 
side effects associated with androgen-depriva-
tion therapy. It has been shown that exercise in-
duces a marked increase in plasma and muscle 
follistatin and irisin.2-4 Follistatin expression 
changes in both the muscle and fat of diabetic 
rats and can be modulated by exercise.5 Concen-
trations of irisin increase significantly after exer-
cise in both mice and humans, and irisin levels 
in the blood are correlated with irisin messenger 
RNA levels in muscle tissue.4 All these facts un-
derscore the importance of exercise with regard 
to the overexpression of both myokines and, 
therefore, with regard to the prevention and 
treatment of sarcopenia, frailty, and the cardio-
metabolic complications of androgen-deprivation 
therapy. Although it might not be feasible for 
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some patients, physicians should strongly rec-
ommend exercise or simple physical activity as 
an adjuvant therapy for patients who have pros-
tate cancer and are receiving androgen-depriva-
tion therapy.
Fabian Sanchis-Gomar, M.D.
University of Valencia 
Valencia, Spain 
fabian.sanchis@uv.es
No potential conflict of interest relevant to this letter was re-
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The Authors Reply: We agree with Sanchis-
Gomar that men undergoing androgen-depriva-
tion therapy should be encouraged to engage in 
physical activity.1 Indeed, recent short-term stud-
ies have shown that both resistance and aerobic 
exercises improve the level of fatigue, quality of 
life, and muscle strength in men undergoing 
androgen-deprivation therapy.2 Physical activity 
is also likely to be beneficial in improving meta-
bolic factors, even though data from controlled 
studies are lacking in this patient population. 
However, owing to a variety of coexisting condi-
tions, some men undergoing androgen-depriva-
tion therapy may not be able to engage in any 
form of exercise.3,4 Therefore, research is needed 
to evaluate the role of novel ligands that can po-
tentially have an effect on the prevention and 
treatment of frailty and cardiometabolic compli-
cations of androgen-deprivation therapy.
Shalender Bhasin, M.D. 
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Boston University School of Medicine 
Boston, MA 
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There Is More to Life Than Death
To the Editor: The Perspective article by Hartz-
band and Groopman (Sept. 13 issue)1 contains 
factual errors about the U.S. Preventive Services 
Task Force (USPSTF) recommendations. The as-
sertion that the USPSTF “concluded that the 
 absolute benefit from routine mammograms in 
women 40 to 49 years was insufficient to offset 
the harm” is incorrect. The USPSTF recommen-
dation states that “for biennial screening mam-
mography in women aged 40 to 49 years, there is 
moderate certainty that the net benefit is small.” 
Thus, the decision “should be an individual one 
and take patient context into account, including 
the patient’s values regarding specific benefits 
and harms.”2
The USPSTF did not base its recommendation 
against prostate-specific antigen (PSA) screening 
“largely on the U.S. Prostate, Lung, Colorectal 
and Ovarian (PLCO) Cancer Screening Trial.” As 
stated in the recommendation, “two major trials 
of PSA screening were considered by the USPSTF: 
the U.S. PLCO study and the European Random-
ized Study of Screening for Prostate Cancer 
(ERSPC).”3 The PLCO study showed no reduction 
in mortality, whereas the ERSPC showed a very 
small reduction. In making the assessment that 
the benefit of screening does not outweigh the 
harms, the USPSTF weighed the very small po-
tential mortality benefit against the known mor-
bidity and mortality from screening, biopsies, 
and especially overtreatment of screen-detected 
cancers.
Although the decline in prostate-cancer mor-
tality in the United States over the past 20 years 
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Hormonal treatmentsMuscle aging is a key component of the increase in frailty in human populations. The generation of critical
levels of power is a prerequisite to perform simple tasks of daily living, such as rising from a chair or climbing
stairs. There is great scientiﬁc and social interest to determine which behaviors can lead to the maintenance
of the muscle mass in young immobilized subjects and in the elderly. Several hormonal treatments have been
proposed for the treatment of sarcopenia. However, the side effects associated to these treatments emphasize
the need of ﬁnding non-toxic and non-hormonal treatments that help increase muscle strength, improve
muscle function, and decrease the degree of dependency in the old population. Recently, several studies
have shed new light on this topic. Any medical efforts to develop treatments to prevent muscle dysfunction
leading to sarcopenia, and eventually frailty, will be a major breakthrough in the public health in advances
countries. Moreover, any signiﬁcant improvement in the loss of muscle function will be a major breakthrough
in the health and welfare of the population.aculty of Medicine, University of
+34 96 386 46 50; fax: +34 96
mar).
rights reserved.© 2011 Elsevier Inc. All rights reserved.Muscle atrophy occurs as a consequence of denervation, injury,
joint immobilization, bed rest, glucocorticoid treatment, sepsis, can-
cer and aging (Jagoe and Goldberg, 2001). Recent advances in medical
care as well as in basic gerontology have led to a signiﬁcant increase
in life span. However, this remarkable increase has also led to en-
hance frailty and dependency (Vanitallie, 2003). Muscle aging is a
key component of the increase in frailty in human and animal popu-
lations. There is great scientiﬁc and social interest to determine which
behaviors can lead to the maintenance of the muscle mass in young
immobilized subjects and in the elderly. Recently, several studies
have shed new light on this topic.
Burks et al. (Burks et al., 2011) were interested in the beneﬁcial im-
pact on the muscle remodeling process of sarcopenic mice by losartan,
an angiotensin II receptor antagonist (ARA) commonly used to treat
high blood pressure. In their study, they showed that immobilized
mice treated with losartan were protected against loss of muscle mass
and that this protective mechanismwasmediated by an increased acti-
vation of the insulin-like growth factor 1 (IGF-1)/Akt/mammalian tar-
get of rapamycin (mTOR) pathway. Thus, blockade of the AT1
(angiotensin II type I) receptor improved muscle remodeling and pro-
tected against disuse atrophy.
Moreover, another ARA, telmisartan, has been suggested to im-
prove skeletal muscle function and to prevent adipogenesis andweight gain through activation of PPAR-delta-dependent pathways
(Feng et al., 2010; He et al., 2010). Consequently, telmisartan may
be used as a pharmacological intervention to treat sarcopenia.
The generation of critical levels of power is a prerequisite to per-
form simple tasks of daily living, such as rising from a chair or climb-
ing stairs. For a young healthy person these activities can be
performed easily. But after a prolonged period of forced inactivity
(such as during the recovery of a sport injury or prolonged immobili-
zation) when loss of muscle mass occurs, simple tasks become in-
creasingly difﬁcult. In these situations the loss of muscle mass and
function has serious implications for independent living, quality of
life and undoubtedly for the recovery for the daily life activities or
sport practice. Approximately 25% of free living persons 65 years old
or more, suffer from frailty. This is a geriatric syndrome closely relat-
ed to an increased risk of falling, morbidity and mortality (Seguin and
Nelson, 2003). Senile sarcopenia deﬁned as the loss of muscle
bulk and force associated to aging is the main component of frailty
(Rosenberg, 1997). Several hormonal treatments have been proposed
for the treatment of sarcopenia: growth hormone, IGF-1, testoster-
one, selective androgen receptor modulators (SARMs), hGH secreta-
gogues, stanozolol, estrogens and tibolone (Onder et al., 2009).
However, the side effects associated to these treatments emphasize
the need of ﬁnding non-toxic and non-hormonal treatments that
help increase muscle strength, improve muscle function, and de-
crease the degree of dependency in the old population.
Otherwise, another important tool in the prevention of sarcopenia is
exercise. Multitude of studies shows that exercise, including resistance
or power training, have positive effects on sarcopenia (Fiatarone et al.,
Fig. 1. Possible non hormonal medical interventions to prevent the loss of muscle mass and sarcopenia.
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Catherine, 2010; Peterson et al., 2010; Steib et al., 2010). Thus,
old population is encouraged to maintain high levels of exercise by
means of resistance, power, or functional training.
Causes of aging are very complex. Prominent factors involved in
the age-related loss of muscle mass are: programmed cell death, oxi-
dative stress, lowering in the rate of protein synthesis, inﬂammation,
lowering levels of anabolic hormones, and ﬁnally, mitochondrial dys-
function (Balagopal et al., 2001; Doherty, 2003; Janssen et al., 1993).
Many authors have related sarcopenia with alterations in mitochon-
drial DNA, in both animals and humans (Melov et al., 2007). As postu-
lated by Miquel in the 70s (Miquel et al., 1980; Rockstein et al., 1975),
and later conﬁrmed by our group (Sastre et al., 1996), mitochondrial
damage is associated with aging, and in particular with aging of the
muscle cells.
Michael Reid and coworkers reported in 2004 that allopurinol (an
inhibitor of xanthine oxidase commonly used in clinical practice to
treat hyperuricemia) causes a decrease in the contractile dysfunction
caused by hind limb unloading (Matuszczak et al., 2004). Moreover
suppression of xanthine oxidase activity by allopurinol can increase
maximal isometric force in the plantar ﬂexor muscles of aged mice
after repetitive electrically evoked contractions (Ryan et al., 2011).
Researchers have identiﬁed the peroxisome proliferator-activated
receptor-γ coactivator-1α (PGC-1α) as the master regulator of mito-
chondriogenesis in mammalian tissues (Puigserver and Spiegelman,
2003; Puigserver et al., 1998; Wu et al., 1999). Modulation of PGC-
1α levels in skeletal muscle present an avenue for the prevention
and treatment of age-related disorders (Sandri et al., 2006). Recently,
we have found an age-associated lack of expression of PGC-1α in re-
sponse to exercise training or to other stimuli such as cold induction
or thyroid hormone treatment (Derbre et al., 2011). We observed that
aged rodents behave as PGC-1α KO ones. Our results highlight the
role of PGC-1α in the loss of mitochondriogenesis associated with
aging and point to this important transcriptional coactivator as a tar-
get for pharmacological interventions to prevent age-associated sar-
copenia (Derbre et al., 2011).
Promoting the quality of life of elderly persons (health span) by pre-
venting the age-associated decrease in muscle mass is one of the most
important challenges in current clinical medicine. On the other hand,
preventing the muscle mass loss due for instance to immobilization is
one of the most important aims in today's medical care. The translation
of discoveries in basic science into clinical care rarely comes easy butdrugs such as losartan, telmisartan or allopurinol, all of them approved
by the Food and Drug Administration for the treatment other diseases,
may be useful to prevent muscle loss in the ﬁelds of Geriatrics, Sport
Medicine, Traumatology, and Rehabilitation.
To conclude, any medical efforts to develop treatments, such as
those reported in the Fig. 1, to prevent muscle dysfunction leading
to sarcopenia, and eventually frailty, will be a major breakthrough
in the public health in advanced countries. The economic and social
consequences of this problem cannot be overestimated. In the US,
the total expense associated with frailty and muscle dysfunction in
2009 was 18 billion dollars (Janssen et al., 2004). The amount of re-
sources that we will have to allocate to deal with the vast amount
of population who will be dependent is enormous. Any signiﬁcant im-
provement in the loss of muscle function will be a major break-
through in the health and welfare of the population.References
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The beneficial effects of regular exercise for the promotion of health and cure of diseases have been clearly shown. In this
review, we would like to postulate the idea that exercise can be considered as a drug. Exercise causes a myriad of beneficial
effects for health, including the promotion of health and lifespan, and these are reviewed in the first section of this paper.
Then we deal with the dosing of exercise. As with many drugs, dosing is extremely important to get the beneficial effects of
exercise. To this end, the organism adapts to exercise. We review the molecular signalling pathways involved in these
adaptations because understanding them is of great importance to be able to prescribe exercise in an appropriate manner.
Special attention must be paid to the psychological effects of exercise. These are so powerful that we would like to propose
that exercise may be considered as a psychoactive drug. In moderate doses, it causes very pronounced relaxing effects on the
majority of the population, but some persons may even become addicted to exercise. Finally, there may be some
contraindications to exercise that arise when people are severely ill, and these are described in the final section of the review.
Our general conclusion is that exercise is so effective that it should be considered as a drug, but that more attention should
be paid to the dosing and to individual variations between patients.
Abbreviations
ACSM, American College of Sports Medicine; ACTH, adrenocorticotropic hormone; AICAR, 5-aminoimidazole-4-
carboxamide-1-b-D-ribofuranoside; AMPK, AMP-activated protein kinase; BDNF, brain-derived neurotrophic factor; CHD,
coronary heart disease; GDNF, glial cell-derived neurotrophic factor; HIF-1, hypoxia-inducible factor 1; HSF, heat shock
factor; HSP, heat shock protein; IGF, insulin growth factor; MET, metabolic equivalent (estimated oxygen cost of
3.5 mL·min-1·kg-1); MnSOD, mitochondrial superoxide dismutase; PGC-1a, PPAR-g coactivator-1a; ROS, reactive oxygen
species; SCD, sudden cardiac death; VO2, oxygen consumption
Exercise, movement and health:
definitions
Health promotion is the science and art of helping people
change their lifestyle to move towards a state of optimal
health (O’Donnell, 1986). The World Health Organization
defines health as ‘Physical, mental, and social well-being, not
merely the absence of disease and infirmity’. Physical fitness
is defined as the physiologic state of well-being that allows
one to meet the demands of daily living (health-related
physical fitness) or that provides the basis for sport perform-
ance (performance-related physical fitness), or both.
Although we are aware that there is a clear difference between
the terms physical activity (‘any bodily movement’) and exer-
cise (‘a subset of physical activity that is characterized by a
planned and purposeful training’) (Caspersen et al., 1985), in
this review, we are going to use these two concepts as syn-
onymous because some of the studies to which we will refer
use the terms interchangeably.
Historical background
The hypothesis that physical activity promotes health and
longevity is not new. As far back as 2500 BC, in ancient
China, records of organized exercise for health promotion
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have been found (Lyons and RJja, 1978; Lee and Skerrett,
2001). In Greco-Roman times, 2500 years ago, Hippocrates
(460–370 BC) and later Galen (AD 129–210) recognized the
need to promote and prescribe exercise for health-related
benefits and the need to provide general medical care for the
athletic individual (Speed and Jaques, 2010). In this regard,
the philosopher Plato (427–347 BC) said: ‘Lack of activity
destroys the good condition of every human being while
movement and methodical physical exercise saves and pre-
serves it’ (Fox and Haskell, 1968).
Simple comparisons of men in different occupations pro-
vided the first empirical evidence that physical activity was
associated with health. The first studies demonstrating a sig-
nificant inverse relationship between physical activity and
coronary heart disease (CHD) were those conducted by
Morris et al. (1953b) in London early in the 1950s. These
authors found that London bus conductors had only 73% the
frequency of CHD that was found in the less active bus
drivers. Their later comparison of London postmen and less
active postal clerks produced much the same findings (Morris
et al., 1953a). These seminal studies were followed by those of
Paffenbarger and collaborators in the 1970s, assessing the
increase in the relative risk of death from any cause and from
specific diseases associated with physical inactivity (Paffen-
barger and Hale, 1975; Paffenbarger et al., 1978).
Exercise is beneficial for your health
Exercise is one of the most frequently prescribed therapies
both in health and disease. There is irrefutable evidence
showing the beneficial effects of exercise both to prevent
and to treat several diseases. Researchers have shown that
both men and women who report increased levels of physi-
cal activity and fitness have reductions in relative risk of
death (by about 20%–35%) (Blair et al., 1989; Macera et al.,
2003).
Recent research suggests that modest increments in
energy expenditure due to physical activity (~1000 kcal per
week) or an increase in physical fitness of 1 MET (metabolic
equivalent) is associated with lowering mortality by about
20% (Myers et al., 2004). Physically inactive middle-aged
women (engaging in less than 1 h of exercise per week) expe-
rience a 52% increase in all-cause mortality, a doubling of
cardiovascular-related mortality, and a 29% increase in
cancer-related mortality when compared with physically
active ones (Hu et al., 2004). Thus, there is clear evidence that
regular physical activity produces significant health effects
and reduces the risk of premature death from any cause and
from cardiovascular disease in particular amongst asympto-
matic men and women.
The benefits of physical activity are evident, not only in
healthy persons but also in patients. Observational and ran-
domized trials have shown that regular physical activity con-
tributes to the treatment of several chronic diseases
(Bouchard et al., 1994; Warburton et al., 2006a). There is evi-
dence for prescribing exercise in the primary and secondary
prevention of pulmonary and cardiovascular diseases (CHD,
chronic obstructive pulmonary disease, hypertension, inter-
mittent claudication); metabolic disorders (type 2 diabetes,
dyslipaemia, obesity, insulin resistance); muscle, bone and
joint diseases (rheumatoid arthritis, fibromyalgia, chronic
fatigue syndrome, osteoporosis); cancer; and depression (Ped-
ersen and Saltin, 2006; Warburton et al., 2006a). Even if exer-
cise is an effective therapeutic agent for all of these diseases,
as with any other medicine, the dosage (volume and intensity
of the exercise), frequency of administration (sessions per
week), type (aerobic vs. resistance exercise), systemic and
psychoactive effects and contraindications and side effects of
the exercise must be taken into account to achieve the best
clinical outcome. For instance, both resistance and aerobic
training have been shown to be of benefit for the control of
diabetes; however, resistance training may have greater ben-
efits for glycaemic control than aerobic training (Dunstan
et al., 2005).
The dosage of exercise
Dosage is important in clinical medicine and all marketed
drugs require data on their efficacy and safety (Lee, 2007). It
is known that there is a minimum amount of physical activ-
ity for health benefits. These benefits increase with increasing
the amount of exercise, but beyond a certain level, adverse
effects outweigh benefits (Lee, 2007). Unlike chemical drugs,
however, the minimum dose, dose response and maximum
safe dose of physical activity are not well understood (Lee,
2007). There is a continuous debate on how much, what type,
how often, what intensity and how lengthy physical activity
should be. This is important for issuing public health recom-
mendations (Blair et al., 2004). Summarizing available infor-
mation across studies is difficult because investigators have
measured exercise intensity in different ways and classified
physical activity according to different dose schemes that are
often difficult to compare (Lee, 2007). Over the years, various
expert groups, based on the best evidence available, have
postulated different physical activity recommendations and
guidelines (see Table 1).
Intensity levels of physical activity can be expressed rela-
tive to oxygen consumption (VO2) or to heart rate (Warbur-
ton et al., 2006b). Moderate-intensity activities are those in
which heart rate and breathing are raised; but, still, it is
possible to speak comfortably. This occurs around 4–6 METs
and brisk walking at 3.0 mph (80.4 m·min-1) is one such
activity. Vigorous-intensity activities are that in which heart
rate is higher, breathing is heavier and conversation is harder
(about 6–8 METs) (Warburton et al., 2006b), for instance
jogging. It has been shown that exercising at even 50% of the
recommended levels (72 min of moderate exercise a week)
appears sufficient to provide some improvement in fitness.
However, at this low exercise dosage, cardiovascular risk
factors (blood pressure, lipid profile and weight) do not
improve (Church et al., 2007). In fact, for many individuals,
up to 60 min of daily physical activity are more appropriate if
weight control is the primary goal (Lee, 2007). Thus, dose–
response relations between physical activity and different
health outcomes are different. The evaluation of the
minimum amount of physical activity (lower dose) necessary
to achieve its beneficial effects has been the object of intense
research. Wen et al. (2011) have recently found that 15 min a
day or 90 min a week of moderate-intensity exercise is of
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benefit in terms of life expectancy, even for subjects with
cardiovascular risks.
Exhaustive exercise and longevity
Although the health benefits of leisure-time physical activity
are well documented, the association between vigorous exer-
cise training and mortality or longevity of elite athletes is not
fully understood (Teramoto and Bungum, 2010). For centu-
ries, the general belief has been that exhaustive, competitive
exercise is harmful and decreases life expectancy (Ruiz et al.,
2010). For instance, Moorstein (1968) stated that all members
of the 1948 Harvard rowing crew had died early from cardiac
diseases. In contrast, it has been shown that participation in
endurance competitive sports increases life expectancy. It was
found that the life expectancy of oarsmen was higher than
that of their non-athletic controls (Hartley and Llewellyn,
1939; Prout, 1972). Karvonen and co-workers found that
Finnish champion skiers (born between 1845 and 1910) lived
2.8–4.3 years longer than general male population in Finland.
In contrast with most studies of that time, Polednak (1972)
reported evidence against the beneficial effects of strenuous
exercise. He found differences in longevity and cardiovascular
mortality related to the extent of participation in college
athletics. Moreover, in a recent animal study, it has been
found that long-term vigorous endurance exercise training
may in some cases promote adverse cardiac remodelling and
produce a substrate for cardiac arrhythmias (Benito et al.,
2011). The incidence of sudden cardiac death (SCD) amongst
young athletes (estimated to be 1–3 per 100 000 person-years)
is higher than in non-athletes and may possibly still be
underestimated (Drezner, 2008). However, it has been shown
that the most common cause of SCD in young athletes is
underlying inherited cardiac disease, such as cardiomyopa-
thies, congenital coronary anomalies and ion channelopa-
thies (Maron et al., 2009). To clarify this apparent
contradiction, we determined the longevity of the partici-
pants of the Tour de France and compared it with that of the
general population born between 1892 and 1942. The Tour de
France is amongst the most gruelling sport events in the
world. We found an 11% increase in average longevity in
Tour de France participants when compared with the general
population (Sanchis-Gomar et al., 2011b) (see Figure 1). Thus,
the majority of data in human studies support the notion
that prescription of regular, vigorous aerobic exercise might
be a useful tool, with a dose–effect response to improve the
overall health status and longevity of the general population
(Ruiz et al., 2010; Teramoto and Bungum, 2010). In our
opinion, physicians, health professionals and general popu-
lation should not be under the impression that strenuous
exercise and/or high-level aerobic competitive sports are bad
for one’s health and shorten one’s life. Thus, a dose–response
relation appears to exist, such that people who have the
highest levels of physical activity and fitness are at lowest risk
of premature death (Warburton et al., 2006a).
Training status is a very relevant factor in the prescription
of the exercise ‘dose’. Increasing the doses of exercise has
positive consequences for health in trained individuals (Ruiz
et al., 2010; Sanchis-Gomar et al., 2011b), whereas heavy
physical exertion can trigger the onset of acute myocardial
infarction, particularly in people who are habitually seden-
tary (Mittleman et al. 1993). Results from the same group
showed that less active men participating in vigorous activity
were more likely to have a myocardial infarction during exer-
cise than the most active men (Thompson et al., 2007).
In the pharmacological treatment of many conditions,
physicians typically start with a dose of a drug believed to be
the minimum effective dose. If the patient does not respond,
this initial dose may then be titrated upwards to a maximum
dose, beyond which the adverse effects of the drug are unac-
ceptable for treatment (Lee, 2007). Thus, the intensity of
aerobic training may be also titrated in healthy people
(Warburton et al., 2006b). Unfit people can get significant
improvements in physical fitness with a low training inten-
sity, while those with a higher fitness level need a greater level
of exercise intensity to achieve further improvements in
fitness (Shephard, 2001). Thus, these fit individuals who have
met the physical activity levels recommended for all healthy
adults for at least 6 months may obtain additional health
benefits by engaging in 300 min or more of moderate-
intensity aerobic activity per week, or 150 min or more of
vigorous-intensity aerobic activity each week, or equivalent
combinations of moderate- and vigorous-intensity aerobic
activities (Lee and Skerrett, 2001; O’Donovan et al., 2010).
These relatively low doses are, obviously, not applicable to
Table 1
Historical evolution in physical activity recommendations and guidelines
Physical activity recommendations
Intensity Minutes Frequency Reference
1970s–1980s Vigorous exercise
(e.g. running)




30 min·day-1 Most days of
the week
(Pate et al., 1995; Physical activity
and cardiovascular health, 1996)
2000s Moderate exercise 60 min·day-1 3 times·week-1 (Lee, 2007)
2010 (healthy adults
ages 18–45)
Moderate exercise 30 min·day-1
(150 min week-1)
Most days of the
week (5 days·week-1)
(O’Donovan et al., 2010)
Vigorous exercise 75 min·week-1 (O’Donovan et al., 2010)
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high level professional athletes who perform exercise at much
higher doses.
The guidelines discussed above are generally appropriate
for young to middle-aged adults. But, as with medicines,
special considerations should be taken when prescribing exer-
cise for people with special needs such as elderly, children,
pregnant women, overweight or obese patients and patients
with chronic diseases (Warburton et al., 2006b). For instance,
it has been shown that vigorous activities are not essential for
the reduction of cardiovascular risk in men over 60. Regular
physical activity is enough to achieve a significant decrease in
mortality in this population. Thus, the greatest benefit to
health is gained from sustained moderate exercise, above
which there appears to be no further benefit to health in
older men (Hakim et al., 1998; Wannamethee et al., 1998).
Regarding the ‘dosage’ of exercise, whether it should be
performed in either one continuous or two or more accumu-
lated bouts, the available evidence suggest that at least for
fitness, accumulated and continuous patterns of exercise
training of the same total duration confer similar benefits
(Murphy et al., 2009). For instance, it has been shown that
five to eight 2 min bouts of stair climbing accumulated over
the course of a day confer health benefits, including increases
in cardiovascular fitness, compared with non-exercising con-
trols (Boreham et al., 2005).
Although physical activity is beneficial to health with or
without weight loss, adults who find it difficult to maintain a
normal weight and adults with increased risk of cardiovascu-
lar disease or type 2 diabetes, in particular, may benefit from
going beyond the levels of activity recommended for all
healthy adults and gradually progressing towards meeting the
recommendations for conditioned individuals (O’Donovan
et al., 2010).
Systemic adaptations to exercise
The exercise-induced adaptations are especially evident in the
cardiorespiratory and musculoskeletal systems, and body
composition and metabolism (Warburton et al., 2006a; Lee
et al., 2010). But the documented health benefits of exercise
also include diminished symptoms of depression and anxiety
(Kujala, 2011).
Skeletal muscle is the main target of exercise training.
Modifications in skeletal muscle are crucial for enhancing
endurance and metabolic efficiency (Matsakas and Narkar,
2010). Muscle fibres are commonly classified as type I slow-
twitch or oxidative fibres, with a high mitochondrial content,
and type II fast-twitch or glycolytic fibres, which have fewer
mitochondria. Endurance exercise induces an increase in
Figure 1
Percentage of survival related to age in Tour de France (TdF) participants and in the general population. Persons born between 1892 and 1942
have been studied. Average life span of Tour de France participants is higher (P = 0.004; 17.5%) than the general population of the same country
in which the cyclists were born. The age at which 50% of the general population died was 73.5 years, compared with 81.5 years in Tour de France
participants (i.e. 11% increase).
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mitochondriogenesis, a shift in fibre distribution from glyco-
lytic to oxidative and an increase in fatty acid oxidation that
ultimately leads to an increase in aerobic capacity and retards
diseases such as obesity, type 2 diabetes and cardiovascular
diseases (Holloszy and Coyle, 1984; Mootha et al., 2003).
It has been shown that regular exercise can reduce
abdominal adiposity and improve weight control (Warburton
et al., 2006a), enhance lipoprotein profiles (e.g. reduce trig-
lyceride levels, increase high density lipoprotein and decrease
low-density lipoprotein levels), improve glucose homeostasis
and insulin sensitivity, reduce blood pressure, improve auto-
nomic tone, reduce systemic inflammation; decrease blood
coagulation, improve coronary blood flow, augment cardiac
function and enhance endothelial function (Warburton et al.,
2006a).
Regular physical activity is also associated with improved
psychological well-being (e.g. through reduced stress, anxiety
and depression) (Dunn et al., 2001). The beneficial effects of
exercise on cognitive function are well known (Neeper et al.,
1995). The mechanism behind this is not fully understood,
but it seems to be associated with an increased expression of
neurotrophic factors in some brain areas. Increased expres-
sion of these factors is related to better memory and
improved cognitive function. Brain-derived neurotrophic
factor (BDNF) can enhance the survival and differentiation of
neurons, and voluntary exercise has been shown to increase
it (Neeper et al., 1996). Psychological well-being is particu-
larly important for the prevention and management of car-
diovascular disease, but it also has important implications for
the prevention and management of other chronic diseases
such as diabetes, osteoporosis, hypertension, obesity, cancer
and depression (Warburton et al., 2006a). It has been shown
that physical activity results in specific adaptations that affect
individual states in all of these diseases. For instance, adap-
tations that affect glucose homeostasis, in type 2 diabetes, are
of great importance. Several changes occur as a result of
regular physical activity, including increased glycogen syn-
thase and hexokinase activities, increased mRNA and protein
expression of the glucose transporter GLUT-4 and improved
muscle capillary density (resulting improved glucose delivery
to the muscle) (Mandroukas et al., 1984).
Exercise causes a significant reduction in cancer rates (spe-
cifically colon and breast cancer) (Shephard and Futcher,
1997; Pedersen and Saltin, 2006). Possible explanations
include reductions in fat stores, increased energy expenditure
offsetting a high fat diet, activity-related changes in sex
hormone levels, immune function, insulin and insulin-like
growth factors, free radical generation and direct effects on
the tumour cell biology (Westerlind, 2003).
The majority of the proposed mechanisms have been
discussed in the context of chronic adaptations by regular
physical activity. However, it has been shown that isolated
exercise sessions (separate doses of exercise) also elicit tran-
sient, but still beneficial, changes in risk factors for chronic
diseases (Thompson et al., 2001). Many of the training adap-
tations derive from a single exercise bout that elicits cellular
changes at the gene level leading to cumulative effects of
training. The acute effect of exercise results in transient
reductions in triglyceride levels, increases in HDL cholesterol
level, decreases in blood pressure, reductions in insulin resist-
ance and improvements in glucose control (Thompson et al.,
2001). These acute changes underpin the important role that
individual exercise sessions have on health status. Thus,
single doses of exercise have also a relevant impact on health.
Figure 2 summarizes the favourable effects of exercise.
Signalling pathways regulated by
exercise in skeletal muscle
The regulation of the cellular functions with exercise are
dependent on many stimuli: alterations in metabolite con-
Figure 2
Health benefits of exercise in tissues and organs.
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centrations, a shift in the ATP : ADP ratio, changes in the
intracellular concentration of Ca2+, in the intracellular pH,
and activations of the oxidative stress-sensitive signalling
pathways (Sakamoto and Goodyear, 2002; Ji et al., 2004). To
elucidate the molecular signalling mechanisms that enable
skeletal muscle to respond to the contractile stimulus and
that mediate the adaptations to exercise is of great impor-
tance (Sakamoto and Goodyear, 2002). It has been clearly
established that physical exercise can activate MAPK signal-
ling, including the ERK1/2 (Goodyear et al., 1996), p38
(Gomez-Cabrera et al., 2005) and JNK pathways (Goodyear
et al., 1996). It can also increase the activity of the AMP-
activated protein kinase (AMPK), Akt and the p70 S6 kinase
(Sakamoto and Goodyear, 2002). In skeletal muscle
Ca2+signalling is extensive. In addition to triggering muscle
contraction through the troponin system, Ca2+ is also
involved in the regulation of relevant intracellular proteins
such as PKC, calcineurin and calmodulin kinase that mediate
cellular signal transduction (Berchtold et al., 2000).
More recently, it has been shown, that low-to-moderate
levels of reactive oxygen species (ROS) play multiple regula-
tory roles in cells such as the control of gene expression,
regulation of cell signalling pathways and modulation of
skeletal muscle force production (Reid, 2001) (see Figure 3).
ROS and exercise: training as an
antioxidant intervention
The role of ROS in the exercise-induced adaptations in skel-
etal muscle has been extensively studied (Salminen and
Vihko, 1983; Gomez-Cabrera et al., 2008b). The idea of the
deleterious effects of ROS has been firmly entrenched in the
minds of scientists during the last 30 years. However, there is
growing evidence that the continued presence of low con-
centrations of free radicals is, in fact, able to induce the
expression of antioxidant enzymes and other defence mecha-
nisms. In this scenario, radicals may be seen as beneficial as
they act as signals to enhance defences rather than deleteri-
ous as they are when cells are exposed to high levels of these
radicals. Animals frequently exposed to chronic exercise have
shown less oxidative damage after exhaustive exercise than
untrained ones (Salminen and Vihko, 1983). This is largely
due to the up-regulation of endogenous antioxidant enzymes
such as glutathione peroxidase, mitochondrial superoxide
dismutase (MnSOD) and g-glutamylcysteine synthetase
(Salminen and Vihko, 1983). A major conclusion that can be
drawn from these results is that exercise itself acts as an
antioxidant, because training increases the expression of anti-
oxidant enzymes (Gomez-Cabrera et al., 2008b). Subse-
quently, we and others have shown that antioxidant
supplements prevent the induction of mitochondrial biogen-
esis, molecular regulators of insulin sensitivity and endog-
enous antioxidant defence by physical exercise (Gomez-
Cabrera et al., 2008a; Ristow et al., 2009). Thus, ROS act as
signals in exercise because decreasing their formation pre-
vents activation of important signalling pathways, which
cause useful adaptations in cells.
Because of the widespread implications of ROS in almost
all important biological functions, it is difficult to define all
the pathways and gene targets that are affected by redox
signalling during exercise. The following are some of the
most relevant signalling pathways modulated by exercise: the
PPAR-g coactivator-1a and b (PGC-1a and PGC-1b) (Gomez-
Cabrera et al., 2008a; Ristow et al., 2009), p53 (Borras et al.,
2011), hypoxia-inducible factor 1 (HIF-1) (Huang et al.,
1996), heat shock factor (HSF) (Palomero et al., 2008), NF-kB
and MAPK signalling pathways (Ji et al., 2004; Gomez-
Cabrera et al., 2005). Several important adaptations in skel-
etal muscle such as mitochondrial biogenesis, antioxidant
defence, hypertrophy, cytoprotection and fibre transforma-
Figure 3
A summary of the signalling pathways regulated by exercise in skeletal muscle.
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tion are regulated primarily by these pathways. Thus, its
regulation should be tightly controlled (Gomez-Cabrera et al.,
2009) (see Figure 3).
Exercise, a psychoactive drug
The effects of exercise training on brain function have
received much attention. In the early ‘80s, exercise was
shown to increase b-endorphin in peripheral blood in
humans (Bortz et al., 1981; Carr et al., 1981). Elevated serum
b-endorphin concentrations induced by exercise have since
been linked to a variety of psychological and physiological
changes, including mood state changes and ‘exercise-induced
euphoria’, altered pain perception and responses to numer-
ous stress hormones (growth hormone, ACTH, prolactin, cat-
echolamines and cortisol) (Harber and Sutton, 1984).
Exercise training can favourably influence cognitive func-
tion (Dishman et al., 2006; Vaynman and Gomez-Pinilla,
2006). Exercise improves learning and memory (van Praag
et al., 1999), improves the quality of sleep, counteracts the
mental decline that comes with age (Laurin et al., 2001) and
facilitates functional recovery from brain injury (Grealy et al.,
1999) and depression (Siuciak et al., 1996; Shirayama et al.,
2002). Exercise is a very powerful stimulus to the induction of
neurogenesis in the adult dentate gyrus (van Praag et al.,
1999) that can contribute to remodelling hippocampal syn-
aptic circuits and to enhance cognitive function.
Exercise training can also mitigate the consequences of
acute exposure to different types of psychological stress
(Dishman et al., 2006) and exercise-induced alterations in the
5-hydroxytryptaminergic and the noradrenergic systems can
explain these responses (Dishman et al., 2006). Most of the
positive effects of exercise, as mentioned previously, have
been related to the induction, in different brain areas, of
neurotrophic proteins, including BDNF, glial cell-derived
neurotrophic factor (GDNF) and insulin growth factor (IGF).
Whether brain metabolic responses to acute physical activity
extend beyond regions specifically involved with motor,
sensory or cardiovascular autonomic control is not as yet
clear (Dishman et al., 2006). Transient increases in local cer-
ebral glucose use and in cerebral blood flow have been
reported in the different brain areas in response to acute
strenuous treadmill running in rats and in humans (Vissing
et al., 1996). Also, the discharge rate of a select pool of hip-
pocampal pyramidal cells increased as running velocity
increased (Czurko et al., 1999). Moreover, exercise increased
metabolic capacity in the motor cortex and striatum (McClos-
key et al., 2001).
The psychoactive effects of exercise that we have just
mentioned are not free from risks. Pathological patterns of
behaviour in gym clients have been reported (Lejoyeux et al.,
2008). As observed in patients with eating disorders, active
individuals usually worry about their body shape, put special
attention on their eating patterns, show exercise addiction
and have a perfectionism personality trait (Freimuth et al.,
2011). This body image disorder has been addressed as reverse
anorexia, vigorexia or muscle dysmorphia (Lejoyeux et al.,
2008). Based on a review of a wide range of studies on exercise
addiction, it has been estimated that its prevalence in the
general population is close to 3%. Amongst certain groups
such as ultra-marathon runners, body builders and sport
science students, the percentage is even higher (Freimuth
et al., 2011; Sussman and Sussman, 2011).
Contraindications for exercise
The purpose of this section is to discuss why under some
circumstances physical exercise does not increase the quality
of life.
Although both the heart and the lung benefit signifi-
cantly from physical activity, there are some contraindica-
tions when exercise is performed by patients suffering from
heart and pulmonary diseases. Pedersen and Saltin (2006)
reviewed the possible contraindications of exercise in most of
the diseases in which exercise have shown beneficial effects.
For instance in patients with CHD, exercise is contraindicated
until the condition has been stable for at least 5 days;
dyspnea at rest, aortic stenosis, pericarditis, myocarditis,
endocarditis, fever and severe hypertension all are contrain-
dications to exercise (Pedersen and Saltin, 2006). Black et al.
(1975) were amongst the first to find that strenuous exercise
can cause acute injury to coronary plaques, leading to occlu-
sion of coronary arteries. However, years later, it was found
that although the risk of primary cardiac arrest was tran-
siently increased during a single bout of vigorous exercise,
habitual vigorous exercise was associated with an overall
decrease in this risk (Siscovick et al., 1984; Albert et al., 2000).
There are no absolute contraindications to very moderate
exercise in chronic obstructive pulmonary disease patients
(Pedersen and Saltin, 2006). However, in patients with
asthma, a pause in training is recommended when an acute
exacerbation occurs. In cases of infection, a pause in training
is recommended until the patient has been asymptomatic for
a day, where after training can be slowly resumed (Pedersen
and Saltin, 2006).
Regarding muscle, bone and joint diseases, for instance,
osteoarthritis and rheumatoid arthritis, exercise is contrain-
dicated in cases of acute joint inflammation, if pain worsens
after training and in cases of pericarditis and pleuritis (Ped-
ersen and Saltin, 2006). The training of patients with oste-
oporosis should include activities with a low risk of falling
(Pedersen and Saltin, 2006).
In cancer patients being treated with chemotherapy or
radiotherapy, exercise is contraindicated when leukocyte con-
centrations fall below 0.5 ¥ 109 cells L-1, haemoglobin below
100 g·L-1, thrombocyte concentration below 20 ¥ 109 cells L-1
and temperature above 38°C. Patients with bone metastases
should not perform strength conditioning at high load. In
cases of infection, a pause in training is recommended until
the patient has been asymptomatic for a day, where after
training can be slowly resumed (Pedersen and Saltin, 2006). A
major concern is whether exercise training influences the
anticancer effects of conventional cytotoxic therapy. The
potential interaction between exercise and chemotherapy
efficacy is biologically plausible. Indeed, earlier preclinical
studies have reported both an inhibitory (Baracos, 1989) and
augmentary (Thompson et al., 1989) effect of endurance exer-
cise training on mammary tumour growth and progression,
although others have reported no association (Jones et al.,
2005).
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In diabetic patients (both types I and II), exercise should
be postponed if blood glucose is >2.5 g·L-1 together with
ketonuria and >3.0 g·L-1 even without ketonuria, in both
cases, before it is corrected. In patients with hypertension and
active proliferative retinopathy, high-intensity training or
training involving Valsalva-like manoeuvres should be
avoided. Patients with neuropathy and incipient foot ulcers
should refrain from activities entailing the bearing of the
patient’s own body weight.
In metabolic syndrome-related disorders, such as insulin
resistance, dyslipaemia and obesity, there are no general con-
traindications; but training should take into account any
comorbidities (Pedersen and Saltin, 2006). Finally, hyperten-
sive patients with a blood pressure >180/105 should begin
pharmacotherapy before regular physical activity is initiated
(relative contraindication) (Pescatello et al., 2004). There is
no evidence for an enhanced risk of sudden death or stroke in
physically active persons with hypertension (Tipton, 1999).
The American College of Sports Medicine (ACSM) recom-
mends caution when performing very intensive dynamic
exercise or strength conditioning with very heavy weights.
Patients with left-sided cardiac hypertrophy should be par-
ticularly cautious about heavy strength conditioning.
Patients with CHD should refrain from short intensive exer-
cise situations.
It is well known that eccentric muscle contractions cause
structural damage to muscle cells or inflammatory reactions
within the muscles, as shown by an increase in the plasma
activity of cytosolic enzymes and sarcolemma and Z-line dis-
ruption (Armstrong et al., 1983). The severity of the damage
and the extent of discomfort are exacerbated over time and
can last for several days. The damaging effects of eccentric
contractions can affect subsequent exercise sessions due to
residual muscle pain, restriction of movement and reduced
capacity to exercise at an intensity that may be beneficial for
the exerciser (Howatson and van Someren, 2008). Thus,
caution should be paid in exercise programs which include
eccentric contractions especially in recreational or old
practitioners.
Exercise mimetics
Despite the clear evidence showing the powerful influence of
exercise on health, physical inactivity remains a pressing
public health issue. Technology and economic incentives
tend to discourage activity: technology by reducing the
energy needed for activities of daily living and economics by
paying more for sedentary than for physically active work
(Haskell et al., 2007). Moreover, endurance exercise can also
be unapproachable for most people in whom it might be
impractical because of physical limitations or, as mentioned
in the previous section, side effects. This fact stimulates the
search for exercise mimetics (or ‘exercise pills’) that mimic
exercise and, therefore, it has been the focus of important
research over the past decades (Goodyear, 2008).
As mentioned in a previous section, exercise improves
performance by activating several pathways that induce
genetic changes, particularly in skeletal muscle, to increase
aerobic metabolism and vascularisation, to ultimately
enhance performance (Narkar et al., 2011). AMPK is activated
by exercise and is essential for the exercise-mediated switch to
aerobic myofibres in skeletal muscle (Wojtaszewski et al.,
2000). AMPK stimulates catabolic and suppresses anabolic
pathways in an effort to restore cellular ATP levels and is
activated robustly in skeletal muscle by acute as well as by
chronic exercise (Winder et al., 2006; Matsakas and Narkar,
2010). Recently, it was reported that 5-aminoimidazole-4-
carboxamide-1-b-D-ribofuranoside (AICAR) can mimic the
effects of exercise by increasing GLUT-4 protein, hexokinase
activity, resting glycogen content and muscle mitochondria
(Narkar et al., 2008). Mitochondrial biogenesis is activated by
AMPK (Jorgensen et al., 2007). This may be explained because
AMPK is present in a transcriptional complex with PPAR-d,
where it can potentiate receptor activity via direct protein–
protein interaction and/or by phosphorylating and activating
coactivators such as PGC-1a (Jager et al., 2007). Puigserver
et al. (1998) identified PGC-1a as the master regulator of
mitochondriogenesis and fuel homeostasis in mammalian
tissues and Koves et al. (2005) observed that PGC-1a mediates
metabolic remodelling of skeletal myocytes, mimics exercise
and reverses lipid-induced mitochondrial inefficiency. Thus,
exercise training and oxidative fibre type are associated with
increased mRNA expression of PGC-1a (Lin et al., 2002).
Over-expression of PGC-1a in mice induces dramatic changes
in skeletal muscle such as increased mitochondrial biogenesis
and fibre remodelling (Lin et al., 2005). Moreover, PGC-1a
may be activated by the Ca2+-signalling pathway involving
both calcineurin and Ca2+/calmodulin-dependent kinase and
by p38 MAPK (Schiaffino et al., 2007).
Recently, we have found an age-associated lack of reactiv-
ity of PGC-1a in response to exercise (Derbré et al., 2012), as
aged rats had the same response as mice with genetic deletion
(knockout) of PGC-1a. Our results highlight the role of
PGC-1a in the loss of mitochondriogenesis associated with
aging and point to this important transcriptional co-activator
as a target for pharmacological interventions to prevent age-
associated sarcopenia (Derbré et al., 2012). Modulation of
PGC-1a levels in skeletal muscle is crucial for the prevention
and treatment of age-related disorders (Sandri et al., 2006).
Accordingly, we recently proposed several pharmacological,
non-hormonal, interventions to prevent the loss of muscle
mass and sarcopenia such as PGC-1a activators, angiotensin
II receptor antagonists and allopurinol (Sanchis-Gomar et al.,
2011a).
On the other hand, activation or over-expression of the
transcription factor PPAR-d in muscle also results in an
increase in mitochondrial biogenesis and in the proportion of
oxidative muscle fibres (Narkar et al., 2008). This results in
increased running endurance and protection against diet-
induced obesity and type 2 diabetes. The contrary is also true:
muscle-specific knockout of PPAR-d results in an age-
dependent loss of oxidative muscle fibres, running endurance
and insulin sensitivity (Schuler et al., 2006). Thus, several
potent and selective PPAR-d agonists such as GW1516 have
been also identified and proposed as mimetic drugs for endur-
ance exercise (Narkar et al., 2008).
Resveratrol has also been considered as an exercise
mimetic. High doses of resveratrol improve endurance
(Lagouge et al., 2006). The deacetylase enzyme Sir2 and its
mammalian homologue SIRT1 have been identified as its
putative primary targets. Resveratrol also activates AMPK in
BJP J Vina et al.
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cells in culture, and it has been proposed for the prevention
of mitochondrial dysfunction (Ungvari et al., 2011) and of
the wasting disorders associated with mechanical unloading
(Momken et al., 2011).
Remodelling of skeletal muscle by exercise is extremely
complex. Many targets are available to mimic muscle adap-
tations induced by exercise. However, exercise is linked to
other multiple physiological adaptations that affect the vast
majority of organs. It seems premature to conclude that all
these molecules or substances are mimetics of exercise until
the effects in other organs have been fully investigated. Appli-
cability of these compounds at this point in time is limited.
Studies aimed to find potential drugs that mimic exercise are
now being performed.
Concluding remarks
Exercise is so beneficial for health that it should be considered
as a drug. As for any other drug, dosing is very important.
Otherwise, unfavourable side effects may occur. Some of the
favourable effects of exercise apply to the general population.
Prominent amongst these are its role in prevention of many
diseases and in the promotion of healthy longevity (see
Figure 2). But exercise can also be considered as treatment of
established diseases. These include commonly occurring
conditions such as depression, diabetes or cardiovascular
diseases.
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 Abstract 
 Mitochondria are considered as the most important cellular 
sources and targets of free radicals. They are also a source 
of signalling molecules that regulate cell cycle, proliferation, 
and apoptosis. Denham Harman postulated the free radi-
cal theory of aging in 1956. Previously Rebecca Gershman 
showed that radiation toxicity could be attributed to free 
radical damage. Subsequently, Jaime Miquel formulated the 
mitochondrial free radical theory of aging. We have shown 
that mitochondrial size, membrane potential, inner membrane 
mass and peroxide production is altered inside cells in old 
animals. These result in an increase in the oxidative damage 
to mitochondrial DNA with aging that can be prevented by 
antioxidant supplementation. Aging is also associated with a 
lower renewal of mitochondria. This is mainly due to the lack 
of reactivity of proliferator-activated receptor- γ (PPAR- γ ) 
coactivator 1 α (PGC-1 α ) in old animals. PGC-1 α acts as a 
master regulator of energy metabolism and mitochondrial 
biogenesis and recent evidence shows that it interacts with 
p53 and telomerase. The promotion of mitochondriogenesis 
is critical to prevent aging. In skeletal muscle it has relevance 
to prevent sarcopenia and frailty. 
 Keywords:  antioxidants;  DNA damage;  longevity;  oxidative 
stress;  mitochondrial biogenesis;  PGC-1. 
 Mitochondrial as a source of free radicals 
 Mitochondria have been classically recognized as the organ-
elle that produce the energy required to drive the endergonic 
processes of cell life thought the respiratory chain, but now 
they are also considered as the most important cellular source 
of free radicals, as the main target for free radical regulatory 
and toxic actions, and as a source of signalling molecules 
that regulate cell cycle, proliferation and apoptosis  (1) . The 
occurrence of free radicals in biological processes is widely 
accepted  (2) . Over 95 % of all the oxygen we breathe under-
goes a reduction to produce water in the mitochondrial elec-
tron transport chain. Cytochrome oxidase is the terminal 
electron acceptor in the chain and must release its reducing 
equivalents to allow continued electron transport and ATP 
production  (1) . Although the mitochondrial electron transport 
chain is a very effi cient system it predisposes each electron 
carrier to side reactions with molecular oxygen. If an atom/
molecule contains one or more unpaired electrons and is 
capable of independent existence, it is referred to as a  “ free 
radical ”  (3) . The primary free radicals generated in cells are 
superoxide (O 2  • −  ) and nitric oxide (NO)  (4) . The mitochon-
drial generation of these free radicals, as well as H 2 O 2 (hydro-
gen peroxide) and peroxynitrite (ONOO  −  ), represent the major 
intracellular source of reactive oxygen species (ROS) under 
physiological conditions  (1) . Mitochondria seem to be (quan-
titatively) the most important cellular site of O 2  • –  and H 2 O 2 
production in mammalian organs, and the steady state con-
centration of O 2  • –  in the mitochondrial matrix is about fi ve- to 
ten-fold higher than that in the cytosol and nucleus  (1) . Thus, 
mitochondrial components are exposed to a high fl ux of free 
radicals. These cause damage to mitochondrial components 
and initiate degradative processes. Helmut Sies fi rst coined 
the term  oxidative stress in 1985 as  “ a disturbance in the pro-
oxidant-antioxidant balance in favour of the former ”  (5, 6) . 
Although this defi nition has been widely used for over two 
decades, the defi nition of oxidative stress will likely undergo 
modifi cations in the future. In an effort to refi ne the meaning 
of oxidative stress, Dean Jones has proposed that this term 
should be redefi ned as  “ a disruption of redox signalling and 
control ”  (7) . 
 Mitochondrial free radical theory of aging 
 The toxic reactions associated to oxidative stress constitute 
the central dogma of the free radical theory of aging. Aging 
is associated with an overall loss of function at the level of 
the whole organism that has origins in cellular deteriora-
tion. Bernard Strehler defi ned aging by means of four pos-
tulates: aging is universal, must be intrinsic, progressive and 
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deleterious  (8) . Aging causes a loss in the capacity to main-
tain the internal milieu of the old animal/person when faced 
by changes in the external atmosphere. Thus, the individual 
loses the capacity to maintain homeostasis and almost all 
physiological functions lose effi ciency with aging  (9) . 
 The mitochondria require continuous recycling throughout 
the lifespan and are particularly susceptive to damage over 
time as they are the major bioenergetic machinery and source 
of oxidative stress in cells  (10) . The free radical theory of aging 
is one of the most prominent theories to explain aging. It was 
proposed by Denam Harman in 1956  (11) following initial 
observations and suggestions by Rebecca Gershman  (12) . The 
fi ndings in the laboratory of Britton Chance that approximately 
2 % of oxygen consumed by mitochondria in state 4 is converted 
to hydrogen peroxide, underpinned the role of mitochondria in 
ROS production  (13) . These experiments led Jaime Miquel 
to refi ne the free radical theory of aging and in the 1970s he 
formulated the mitochondrial free radical theory of aging. The 
main contributions of Miquel were: emphasized the impor-
tance of mitochondrial DNA as a target of oxidants produced 
during aging, and pointing out that mitochondriogenesis might 
be impaired in aging  (14) . Brand and colleagues  (15) have 
recently concluded that the upper estimate of the total fraction 
of oxygen utilized by the mitochondria that forms superoxide 
is approximately 0.15 % ; this value is signifi cantly lower than 
the original estimate of 2 % – 5 % . This low rate of superoxide 
production may include a role for uncoupling proteins in the 
protection of mitochondria against oxidative damage  (4) . 
 The mitochondrial theory of aging, although recently 
questioned  (16) , has been tested in various laboratories and 
there are many published papers in support of this theory. 
For instance, data from our own research group have shown 
that mitochondria from old animals produce more ROS 
than those from young ones  (17, 18) . Moreover, there is an 
inverse relationship between mitochondrial peroxide produc-
tion and longevity in mammals  (19, 20) . These results sup-
port the hypothesis that the rate of the oxidant generation 
by mitochondria is a critical factor in aging  (21) . In fact the 
rate of peroxide generation increases with age. Corbisier and 
Remacle postulated that the mitochondria are involved in cell 
degeneration by microinjecting isolated mitochondria from 
fi broblasts of old rats into cells of young ones. They found 
that the cells who had received  ‘ old ’ mitochondria rapidly 
entered senescence  (22) . Thus, the continuous free radical 
generation by mitochondria during the whole life span causes 
a chronic oxidative stress that plays a critical role in aging. In 
addition, the rate of oxidant production by mitochondria from 
short-lived species is much higher than that of longer-lived 
ones  (20) . It appears, therefore, that the rate of ROS produc-
tion by mitochondria is a key determinant of maximal life 
span potential at least at the cellular level. 
 Mitochondria are damaged inside cells 
in the process of aging 
 In the 1970s, Jaime Miquel demonstrated the involvement of 
the mitochondria in the loss of functional properties associated 
with aging using basically histological studies  (23) . In 1996, we 
studied the involvement of mitochondria in aging using whole 
liver cells and not isolated mitochondria  (24) . Until then, the 
mitochondrial damage leading to aging had only been tested 
using isolated mitochondria. Subsequently, other research 
groups showed age-related changes in mitochondrial respira-
tory function and transport systems using this experimental 
approach  (25, 26) . We determined the rate of gluconeogenesis 
and ketogenesis, which critically depend on mitochondrial 
function, in the liver of old and young animals. We also deter-
mined the mitochondrial size, peroxide production and mem-
brane potential in whole liver cells using fl ow cytometry  (24) . 
Our results showed, for the fi rst time in intact cells, a corre-
lation between age-associated impairment of cell metabolism 
and specifi c changes in mitochondrial function and morpho-
logy. This was almost simultaneously confi rmed by the group 
of Bruce Ames  (27) . Subsequently, we observed that respira-
tory activity of mitochondria not only decreases with age in 
liver but also in other tissues such as muscle and brain. 
 Mitochondrial DNA damage correlates with 
oxidative stress in aging and can be prevented 
by antioxidant administration 
 The rate of oxidant production by mitochondria is diffi cult 
to study  (9) . Consequently, studying biomarkers of oxida-
tive stress appears more adequate than studying the rate of 
oxidant production. The mitochondrial gene 16S rRNA, for 
instance, can be considered as a biomarker of cellular aging. 
This RNA molecule is highly susceptible to oxidative stress 
 (28) , and its rate of transcription decreases with age and in 
parallel with the survival curve of Drosophila  (29) . Damage 
to different macromolecules such as lipids, proteins and DNA 
can also be studied as biomarkers of aging. Many of the post-
translational modifi cations found in old cells are due to the 
deleterious effects of free radicals  (30) . Lipid peroxidation, 
for instance, is associated with the pathogenesis of a number 
of age-associated diseases and can be studied using different 
biomarkers such as malodialdehyde and isoprostanes  (4, 31) . 
Regarding protein oxidation, another interesting biomarker of 
oxidative stress, it has been found that some enzymes are more 
susceptible to damage than others with aging. In fact, some 
key amino acids such as arginine, lysine or proline are more 
susceptible to yield carbonyl derivatives  (32) . As previously 
mentioned, DNA may be the most critical target molecule for 
age associated oxidative stress  (33) . It has been calculated 
that ROS modify approximately 10,000 bases of DNA per 
cell  (34) . DNA repairing enzymes are able to repair the vast 
majority of these lesions, but not all. Therefore, DNA lesions 
that go unrepaired accumulate with age. It is well known that 
mitochondrial DNA is much more oxidized with age than 
nuclear DNA  (21) . Our group found that oxidative damage to 
mitochondrial DNA was increased in aging and that it could 
be prevented by antioxidant supplementation  (35) . Thus, the 
initial prediction of Jaime Miquel highlighting the importance 
of mitochondrial DNA as a target of oxidants produced during 
aging could be experimentally proved. 
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 Mitochondrial renewal is impaired in aging 
causing accumulation of damage 
to mitochondria 
 Mitochondrial biogenesis includes the cellular processes 
involved in the synthesis and degradation of the organelle 
 (36) . The prediction that aging was associated with a lower 
renewal of mitochondria was also postulated by Jaime Miquel 
 (33) . However, it took several years to establish the relation-
ship between the mitochondria decay in different tissues with 
aging and the low mitochondriogenesis  (37, 38) . The major 
reason is that the number of mitochondria in the cell is dif-
fi cult to assess. To solve this problem, the elucidation of the 
mitochondriogenic pathway was required. Mitochondrial 
biogenesis is a complex process. It involves changes in the 
expression of more than one thousand genes, the cooperation 
of two genomes, and alters the level of approximately 20 % of 
cellular proteins  (39) . Importantly, in addition to the nuclear 
genes (which encode the major number of mitochondrial pro-
teins), mitochondriogenesis requires the participation of the 
mitochondrial genome, which is responsible for the synthesis 
of proteins of the electron transport chain, as well as mito-
chondrial tRNAs and rRNAs. 
 Thus, the precise synchronization of the transcription 
affecting both nuclear and mitochondrial genomes (located in 
separate subcellular compartments) must be essential in order 
to produce new mitochondria  (40) . 
 Despite the complexity of the various signalling pathways 
that regulate mitochondrial biogenesis, they all seem to share 
proliferator-activated receptor- γ (PPAR- γ ) coactivator 1 α 
(PGC-1 α ) family of transcription factors. PGC-1 α was ini-
tially identifi ed as a cold-inducible coactivator for PPAR- γ in 
brown fat and skeletal muscle  (41) . PGC-1 α appears to act 
as a master regulator of energy metabolism and mitochon-
drial biogenesis by coordinating the activity of multiple tran-
scription factors  (41) . PGC-1 α strongly co-activates nuclear 
respiratory factor-1 (NRF-1) and NRF-1 regulatory respon-
sive elements have been found in the promoter of nuclear 
genes, such as mitochondrial transcription factor A (Tfam), 
cytochrome c and aminolevulinate synthase  (42) . Tfam can 
be considered the most important mammalian transcription 
factor for mtDNA because it stimulates mitochondrial DNA 
transcription and replication. 
 Low mitochondrial biogenesis is associated 
with the lack of reactivity of PGC-1 α , a master 
regulator of mitochondrial biogenesis 
 There is a very signifi cant decline in lean body mass asso-
ciated with aging (43). The mechanisms controlling muscle 
loss are very relevant in medicine because muscle contrac-
tion is involved in the prevention of chronic diseases. Thus, 
understanding the signalling that regulates muscle mass may 
provide potential therapeutic targets  (44) . Muscle aging is a 
key component of the increase in frailty in human and ani-
mal populations  (45) . Frailty is a syndrome highly prevalent 
with increasing age and consists of decreased reserve and 
resistance to stressors, weakness, decline in activity, weight 
loss and vulnerability to adverse health outcomes  (46) . One 
of the main components of frailty is sarcopenia. This is a 
syndrome characterized by progressive and generalized loss 
of skeletal muscle mass and strength with a risk of adverse 
outcomes such as physical disability, poor quality of life and 
death  (43, 47) . The promotion of mitochondriogenesis is crit-
ical to prevent aging in skeletal muscle. A functional muscle 
that has not lost the capacity to synthesise healthy mitochon-
dria is an important contributor to the prevention of frailty 
 (48, 49) . As shown in Figure  1 , aging has been associated, 
in skeletal muscle, with reductions in mitochondrial oxida-
tive phosphorylation activity  (50) , mitochondrial DNA muta-
tions  (51) , reductions in mitochondrial DNA content  (52) , 
decreased activities of the mitochondrial electron transport 
chain  (53) , altered apoptotic signalling and an increase in the 
mitochondrial release of free radicals  (54) . Several strategies 
have been developed to stimulate mitochondrial biogenesis. 
Among them different compounds, such as pyrroloquinoline 
quinone, resveratrol, genistein, hydroxy-tyrosol, GW1516 
(PPAR δ agonists), 5-aminoimidazole-4- carboxamide-
1- β -D-ribofuranoside (AICAR), and quercetin have been 
reported to improve mitochondrial respiratory control or 
stimulate mitochondrial biogenesis  (55 – 57) . In vivo and in 
vitro studies have shown that PGC-1 α levels stimulate mito-
chondrial proliferation in skeletal muscle  (58) . Increased 
PGC-1 α levels in skeletal muscle prevents muscle wasting 
by reducing autophagy, proteasome degradation and apopto-
sis  (59) . Autophagy is used to defi ne the controlled recycling 
and degradation of intracellular structures (dysfunctional 
organelles and protein aggregates) to replenish nutrient stores 
and ensure the integrity of the cell and its survival  (60) . The 
non-functional mitochondria accumulation in aged individu-
als could be counteracted by removing damaged mitochon-
dria by an autophagic process called  “ mitophagy ”  (61) . 
 In a recent study by Henriette Pilegaard ’ s group it has 
been shown that PGC-1 α is required for the benefi cial effects 
of moderate exercise training at an advanced age to main-
tain mitochondrial metabolic and antioxidant capacity  (62) . 
These studies suggest that the modulation of PGC-1 α lev-
els in skeletal muscle present an avenue for the prevention 
and treatment of age-related disorders. In 2011 we studied 
the mechanism by which mitochondriogenesis is decreased 
in aging and tried to determine to which extent it could be 
prevented by exercise training  (63) . As endurance training is 
known to up-regulate PGC-1 α expression in young skeletal 
muscle  (64) , we postulated that the modulation of PGC-1 α 
levels by endurance training in aged skeletal muscle should 
be a very effective strategy for the prevention and treatment 
of sarcopenia. For our purpose we used old rats and com-
pared them with PGC-1 α KO mice. Our results showed that 
muscle from old rats present a marked loss in mitochondrio-
genesis and that this may be due to a lack of induction of 
PGC-1 α  (63) . We found a striking similarity between the 
response to exercise training in PGC-1 α KO mice and in 
old rats. In young rats, PGC-1 α was activated in skeletal 
muscle not only by training but also by cold exposure or 
triiodothyronine. However, in the old animals we found an 
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age-associated lack of expression of PGC-1 α in response to 
exercise training or to any of the other stimuli tested in rat 
skeletal muscle (Figure  2 ). Our study highlighted the impor-
tance of maintaining a normal PGC-1 α responsiveness to 
maintain normal muscle function. 
 A unifi ed theory of aging involves the 
interaction between telomerase, p53, and 
mitochondrial free radical production 
 There are more than 300 theories of aging  (65) . Several 
researchers have worked in the development of a unifi ed 
theory, which includes all the phenomena associated with 
aging. A new theory that unifi es the interaction between p53, 
telomerase and mitochondria has been published recently 
 (66) . Telomeres are nucleoprotein complexes at chromosome 
ends that preserve chromosomal integrity and are involved in 
age-related disorders  (66) . Telomerase is a cellular enzyme 
capable of compensating the progressive shortening of telom-
eres  (67) . Telomerase is required for telomere maintenance, as 
well as its importance for cancer and aging  (68) . In this regard, 
in the absence of telomerase, continued cell division results 
in telomere shortening and p53 activation  (69) . The tumour 
suppressor p53 is a transcriptional factor that responds to a 
multitude of stresses and play a central part in the detection 
and elimination of cellular damage  (70) . Thus, p53 mediates 
cellular checkpoints of growth arrest, senescence and apopto-
sis in cells  (66) . Interestingly, Nakano et al. determined that 
exists a threshold level of p53 for the initiation of apoptosis 
in cells  (71) . Moreover, it has been established that p53 regu-
lates mtDNA content in skeletal muscle  (72) . Finally, Sahin 
et al.  (73) established that telomere dysfunction-induced 
p53 represses PGC-1 α and PGC-1 β , linking telomeres to 
mitochondrial biology, oxidative defence, and metabolism. 
Therefore, when telomeres have shortened down to a critical 
length they are recognized as DNA damage, activating a p53-
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 Figure 2  PGC-1 α is not functional in the aged skeletal muscle and it can be involved in the decrease in mitochondrial biogenesis during 
aging. 
 An old animal behaves as a knock-out mouse for PGC-1 α . 
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telomeres shorten with age, limiting the proliferative capacity 
and thus contributing to organism aging. 
 A new group of proteins, called sestrins (SESNs), are tar-
gets of p53  (74) and stress-inducible. SESNs have dual bio-
chemical functions, as antioxidants that control the activity 
of peroxiredoxins (a family of thioredoxin-dependent peroxi-
dases which scavenge free radicals) and as inhibitors of tar-
get of rapamycin complex 1 (TORC1) signalling  (75) . Both 
free radicals accumulation  (76) and TORC1 activation  (77) 
are associated with accelerated aging and development of 
age-associated pathologies in diverse organs and organisms, 
implicating SESNs as anti-aging agents. SESNs may act as 
suppressors of aging that are responsive to stressful stimuli 
and insults that can accelerate the aging process. By activat-
ing AMPK and inhibiting TORC1, SESNs can reprogram 
cells to adapt to stressful conditions by attenuating anabolism 
and enhancing autophagic catabolism  (78) . By up regulat-
ing SESNs expression, p53 is able to induce a strong anti-
apoptotic response whose physiological implications have 
been elucidated only recently  (79) . In the absence of severe 
stresses, relatively low p53 levels are suffi cient for up regula-
tion of several antioxidant genes including GPX, SESN1 and 
SESN2 correlating with a decrease in intracellular ROS levels 
 (79) . In contrast, elevated ROS production is only observed 
in heavily stressed cells upon induction of the p53 targets 
Bax and Puma that, however, might only be a consequence 
of cells dying rather than its cause  (79) . Thus, the antioxi-
dant function of p53 represents an important component of its 
tumour suppressor activity, which decreases the probability 
of genetic alterations and assists the survival and repair of 
cells with minor injuries. Therefore, we also can view SESNs 
as physiological brakes that can attenuate stress-dependent 
acceleration of aging  (80) . 
 During the last decades, many studies have been confi rm-
ing and settling this  “ unifi ed theory of aging ” . Telomerase-
defi cient mice developed premature aging pathologies  (81) . In 
addition, increased lifespan is observed in mouse models that 
overexpress telomerase, although the probabilities of initiating 
a tumour are higher  (82, 83) . However, in mice that overex-
pressed telomerase, p53, p16 and p19ARF, cancer appearance 
and degenerative lesions are signifi cantly delayed while symp-
toms of aging are also attenuated  (84) . Tumour suppressor p53 
limits the reprogramming of cells with different kinds of DNA 
damage due to short telomeres, defi ciencies in their DNA repair 
systems or exogenously infl icted DNA damage (85) . Thus, 
Matheu et al. observed that increasing the activity of p53 in 
mice produces both cancer resistance and delayed aging  (86) . 
It was also observed that a single extra gene-dose of p53 pro-
tects mice against cancer  (87, 88) . Likewise, p53 is known to 
enhance mitochondrial function  (89) . In fact, p53 activation 
results in the direct suppression of PGC-1 genes in telomere-
defi cient mice and reducing p53 levels in these animals reverses 
PGC-1 suppression associated with telomere defi ciency  (73) . 
Reduction of mitochondrial function would seem a deleteri-
ous response and the loss of PGC-1 function can lead to the 
generation of ROS, which can damage mitochondrial DNA. 
Therefore, dysfunctional mitochondria may trigger cell injury 
and death. 
 To conclude, telomerase and telomere maintenance are 
considered to be rate limiting for longevity. Telomere short-
ening continues throughout the adult life and it is proposed to 
be a major cause of aging. p53 also integrates and responds 
to a multitude of stresses, such as cancer or physiological 
process of aging. Finally, mitochondria are the chief energy-
producing cells. Mitochondrial defi ciency increase ROS pro-
duction and DNA damage. Thus, all the mechanisms above 
mentioned conform a DNA-repair machinery that seems to 
be connected. Consequently, a new  “ unifi ed theory of aging ” 
may be postulated. 
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Skeletal and cardiac muscleMitochondrial biogenesis is critical for the normal function of cells. It is well known that mitochondria are
produced and eventually after normal functioning they are degraded. Thus, the actual level of mitochondria
in cells is dependent both on the synthesis and the degradation. Ever since the proposal of the mitochondrial
theory of ageing by Jaime Miquel in the 70's, it was appreciated that mitochondria, which are both a target
and a source of radicals in cells, are most important organelles to understand ageing. Thus, a common feature
between cell physiology of ageing and exercise is that in both situations mitochondria are critical for normal
cell functioning.
Mitochondrial synthesis is stimulated by the PGC-1α–NRF1–TFAM pathway. PGC-1α is the ﬁrst stimulator of
mitochondrial biogenesis. NRF1 is an intermediate transcription factor which stimulates the synthesis of
TFAM which is a ﬁnal effector activating the duplication of mitochondrial DNA molecules. This pathway is
impaired in ageing. On the contrary, exercise, particularly aerobic exercise, activates mitochondriogenesis in
the young animal but its effects on mitochondrial biogenesis in the old animal are doubtful. In this chapter
we consider the interrelationship between mitochondrial biogenesis stimulated by exercise and the possible
impairment of this pathway in ageing leading to mitochondrial deﬁciency and eventually muscle sarcopenia.
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Mitochondria are one of the most intensely studied organelles in
the cell. It has, of course, the classical function of producing energy
through the respiratory chain. However, many more functions haveery Reviews theme issue on
Faculty of Medicine Blasco
6; fax: +34 96 386 46 42.
ll rights reserved.emerged particularly related to the role of these organelles in cellular
signalling. For instance, mitochondria generate signals which are
essential for the onset of the “mitochondrial pathway of apoptosis”.
This is unleashed by the release of cytochrome c under suitable
conditions, which leads to activation of caspase-3 and eventually cell
death [1]. Much more recently, experimental evidence has come from
various laboratories that proteins which a few years ago were thought
to be completely cytosolic, enter mitochondria and regulate their
function. A very important one is theMAP kinase JNKwhich enters the
mitochondria and regulates the critical enzyme pyruvate dehydroge-
nase by phosphorylation [2,3]. Very recently, telomerase has also been
shown to accumulate in mitochondria and in fact to serve as an
1370 J. Viña et al. / Advanced Drug Delivery Reviews 61 (2009) 1369–1374antioxidant in this organelle [4]. Thus, the relevance of mitochondria
in cell function continues to go and it is the subject of critical scrutiny.
Mitochondria are involved in two physiological situations of great
importance, namely physical exercise and ageing [5]. The fact that
physical training, in particular aerobic training, is a very clear-cut
stimulus for mitochondriogenesis is beyond doubt. Animals or
persons who train show an increased number of mitochondria with
the subsequent increased capability of oxygen utilisation [5–7].
Mitochondria are also very relevant to ageing. In fact, the free
radical theory of ageing ﬁrst postulated by Harman in 1956 [8]
together with the ﬁndings by Boveris and Sies in the laboratory of
Britton Chance that 2% of oxygen consumed by mitochondria in state
4 is converted to hydrogen peroxide [9], led Denham Harman to
postulate that mitochondria might be critical in the generation of
radicals which are responsible for damage associated with ageing.
This was further reﬁned by Jaime Miquel who in the 70's formulated
the mitochondrial free radical of ageing. Two critical contributions of
Miquel were: underpinning the importance of mitochondrial DNA as a
target of oxidants produced during ageing and pointing out that
mitochondriogenesis might be impaired in ageing and that in fact a
lower rate of the renewal of mitochondria was one of the critical
events which led to damage associated with ageing [10]. The majority
of the studies performed by Jaime Miquel in the United States in the
70's were basically histological [11]. Later on in the 90's, we reported
that mitochondria are damaged inside cells [12,13]. This was almost
simultaneously conﬁrmed by the group of Bruce Ames [14]. Moreover,
we found that oxidative damage to mitochondrial DNA was increased
in ageing and this could prevent it by antioxidant supplementations
[15]. So the initial prediction of the free radical theory of ageing i.e.,
that mitochondrial DNA was a key target of damage associated with
ageing could be experimentally proved. However, the prediction that
ageing was associated with the lower renewal of mitochondria in cells
took much longer. The major reason was that it was (and still is)
difﬁcult to assess the amount of mitochondria in a cell, particularly inFig. 1. Schematic representation of the rega dynamic way, i.e. whether interventions accelerate or decrease the
rate of mitochondriogenesis. To solve this problem, the elucidation of
the mitochondriogenic pathway was required.
2. The mitochondriogenic pathway
Mitochondria are continuously produced in the cell, and in fact old
or damaged mitochondria are also continuously removed from the
cellular compartments. It is therefore critical to understand the
mechanisms by which mitochondria are synthesised.
Of paramount importance in this pathwaywas the discovery of PGC-
1α. This is a co-activator of PPARγ [16]. It has a very wide variety of
functions. For instance, it is a master regulator of the antioxidant
defence. In this situation, PGC-1α is able to control the cellular response
to oxidative stress [17]. In a similar fashion, it activates the production of
NRF-1 and NRF-2. These are nuclear respiratory factors which are
involved in mitochondriogenesis. In fact, these two factors and most
importantly NRF-1 are potent stimulators of the expression of TFAM
which is a potent stimulator of the duplication of mitochondrial DNA
[16]. Thus, when an active mitochondriogenesis is required, PGC-1α is
activated, and this leads to an activation of NRF-1 and a subsequent
increase in synthesis of TFAM and an increased duplication of
mitochondrial DNA. This in turn leads to an increased number of copies
of DNApresent in the cell and eventually to duplicationofmitochondria.
Thus, we now are able to dissect the whole mitochondriogenic
pathway in our attempts to study the rate of synthesis of
mitochondria and its regulation in the various physiological condi-
tions (see Fig. 1).
3. Mitochondriogenesis is impaired in ageing
As stated above, changes in mitochondriogenesis were key
postulates of Miquel's mitochondrial free radical theory of ageing.
Critical to any theory of ageing is that its proposition should give usulation of synthesis of mitochondria.
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driogenic stimuli in ageing one can hope to promote the synthesis of
these microorganelles by interventions such as exercise (see below).
Thus, we studied the activity of the mitochondriogenic pathway by
measuring the expression PGC-1α, of nuclear respiratory factor 1 [16]
and ﬁnally we estimated the amount of mitochondria by determining
the expression of cytochrome c. The problem of the synthesis of
mitochondria in ageing was already experimentally attacked by the
group of Gadaleta in Bari over a decade ago [18]. Now, as stated above,
we have been able to dissect the mitochondriogenic pathway and to
determine the expression of the various components of this pathway.
We have used heart because it contains mainly post-mitotic cells and
because of the importance of this organ in ageing. Fig. 2a shows the
expression of PGC-1α in the hearts of young and old animals. As seenFig. 2. Cardiac mitochondriogenesis is impaired in ageing.in Fig. 2a, the expression in old animals is very signiﬁcantly lower than
that of young ones. In fact, we ﬁnd an expression of PGC-1α in old
animals of approximately one third of that of the young ones.
Downstream in the pathway of mitochondriogenesis is NFR-1. Again,
according to our prediction, the heart of old animals expressed
approximately 25% of NRF-1 when compared with that of young ones
(Fig. 2b). The difference is highly signiﬁcant. Therefore, both factors
studied which critically activate the synthesis of mitochondria in
myocytes are very much depressed in the old. An expected result
would be that mitochondrial proteins are signiﬁcantly lower in the
heart of old animals when compared with young ones and this is
indeed the case as shown in Fig. 2c. We have measured cytochrome c
because of its importance in the mitochondria itself and because of its
critical role in the regulation of apoptosis. Cytochrome c is indeed
signiﬁcantly lower in old animals than in young ones (see Fig. 2c).
Thus, our results indicate that the regulatory factors which control
mitochondriogenesis as well as its constituent proteins are signiﬁ-
cantly lower in the old than in the young animal. Moreover, the fact
that there is signiﬁcantly less mitochondria in tissues which have to
be as active, and as aerobic as the heart, provides bases to understand,
at least partially, senile cardiomyopathy.
Of course, the fact that aerobic training is so dependent on
mitochondriogenesis, gave us a common base to try and understand
both mechanisms, the loss of mitochondriogenesis in ageing and its
possible prevention by exercise. The next paragraph refers to our
experiments on mitochondriogenesis in aerobic training.4. Mitochondriogenesis in physical exercise is controlled by
reactive oxygen species
The fact that PGC-1α is a master regulator of the cellular response
to oxidative stress [19] and therefore that it may be a good sensor forFig. 3. Prevention, by allopurinol and vitamin C administration, of the NF-κB activation
induced by exercise in skeletal muscle and the subsequent up-regulation of gene
expression of Mn-SOD, iNOS and eNOS.
1372 J. Viña et al. / Advanced Drug Delivery Reviews 61 (2009) 1369–1374the response of the cells to free radicals led us to postulate the idea
that free radicals generated in exercise could be signals to increase
mitochondriogenesis [20]. In fact, pioneer work by Kelvin Davies in
the laboratory of Lester Packer already suggested this idea. When
these authors ﬁrst reported unequivocal evidence that free radicals
were produced by muscle in exercise, they suggested that mitochon-
driogenesis could be a result of the action of these radicals [21].
However, in the early 80's the idea could not be tested experimentally.
We took this idea almost twenty years later and studied the role of
oxidants and antioxidants in themitochondriogenesis associated with
physical exercise.
Our previous studies had shown that xanthine oxidase is a most
important source of reactive oxygen species associated with exhaus-
tive exercise. We tested this hypothesis experimentally both in
animals [22,23] and in humans [24,25]. Allopurinol is a very effective
inhibitor of xanthine oxidase which is used continuously in clinical
practise. Thus, we administered allopurinol to animals subjected toFig. 4. Summary of the role of reactive oxygen species in signalling of cellphysical exercise and determined the activation of very relevant
signalling pathways involved in muscle adaptations to exercise
(MAPKs and NF-κB) [23,26]. Fig. 3 shows that allopurinol or vitamin
C (which counteracts ROS by different mechanisms) are able to
prevent the MAPKinases and NF-κB activation induced by exercise in
skeletal muscle and therefore the subsequent up-regulation of gene
expression of Mn-SOD, iNOS and eNOS. But the effects we report in
Fig. 3 might be due to allopurinol itself and not to its antioxidant
effects. We conﬁrmed that vitamin C which acts by a different
mechanism to allopurinol, had the same effects on the NF-κB–MAPKs
pathway.
Fig. 4 shows a very clear effect of vitamin C in lowering the
mitochondriogenic response to exercise (e.g. PGC-1α, NRF-1, TFAM
and cytochrome c). Both the RNA transcription and the protein
expression are decreased when animals are treated with vitamin C.
Thus, inhibiting the effect of antioxidants is able to hamper the
mitochondriogenic response to exercise [20].adaptations during training and their effect in exercise performance.
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The fact that mitochondriogenesis is so much inhibited by
allopurinol or vitamin C led us to think that treatment with
antioxidants during training might not be advantageous for the
efﬁciency of training. This was an important question because more
than 40% of the exercising population in the United States and in
Europe regularly take antioxidant supplements [27]. Since an active
mitochondriogenesis is imperative during aerobic training, then
antioxidant treatment could hamper the efﬁciency of training. And
this was indeed the case. A blind study (in the case of animals) and a
double blind study (in the case of humans) indicated that adminis-
tration of antioxidants lowers the efﬁciency of training. Fig. 4 (low
panels) indicates that indeed the increase in running time to
exhaustion of rats after eight weeks of training was much less
pronounced when rats were administered vitamin C than in controls.
Likewise, administration of 1 g of vitamin C daily to humans
decreased the increase in VO2max which occurs after aerobic training.
Thus, our theoretical studies on the rate of the mitochondriogenic
pathway in exercise led us to a practical conclusion and this is that one
should not give antioxidants to athletes when they are training. And
then, we are left with the open question, should we give antioxidant
supplements to any athlete at all? Our current view is that antioxidant
supplementation may be useful when one is likely to perform very
exhaustive exercise which causes muscle damage (i.e. competition).
However, one should not give antioxidants when the athletes are
training and preparing themselves for competition because it may
hamper the beneﬁcial adaptations due to training.
These results have been recently conﬁrmed and extended to the
healthy effect of exercise (and not only performance) by Michael
Ristow and coworkers. They have demonstrated that the exercise-
induced oxidative stress ameliorates insulin resistance and causes an
adaptive response, promoting endogenous antioxidant defence
capacity. Supplementation with antioxidants (vitamins C and E)
precludes these health promoting effects of exercise in humans [28].
In summary, we recommend administration of antioxidants to
exercise practitioners when they are competing (and therefore they
are likely to perform very exhaustive exercise) but not when they are
training and they need the reactive oxygen species produced in
exercise to attain maximal muscle adaptations.
Our studies further support the view that reactive oxygen species
are not just damaging to cells but they have very important, indeed
critical, role as signals to adapt the cell to various physiological
demands [29,30].
6. Concluding remarks
Mitochondria are key components in cells providing energy to
maintain normal cell function. The rate of mitochondriogenesis is very
important for the cell to maintain a normal number and mass of
mitochondria. Elucidation of the pathway of the mitochondriogenesis
which involves PGC-1α, NRF-1, and TFAM to activate duplication of
mitochondrial DNA has given us tools to understand changes in
mitochondriogenesis both in young and in old animals. Exercise is an
intervention which, when practised aerobically, critically depends on
the activity of mitochondria. In fact, exercise training activates the
mitochondriogenic pathway. It is well known that aerobic capacity is
in fact a better predictor of longevity than age itself [31]. Since a
critical factor in the ability of the organism to utilise oxygen is the full
activity of mitochondria, it is reasonable to speculate that activation of
mitochondriogenesis by exercise may delay the impairment in
mitochondrial activity with ageing. We have observed that essentially
the same mechanisms control mitochondria during ageing and in
exercise. We have also reviewed here experiments which indicate
that exercise activates mitochondriogenesis mediated by reactive
oxygen species and therefore that these may be signals to activatemitochondrial activity, at least in young animals. Research in the
future will have to deal with the possibility of activating the impaired
rate of mitochondrial synthesis with ageing by aerobic training, in the
hope of preventing senile sarcopenia, an area of research which
deserves much attention.
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Abstract Low mitochondriogenesis is critical to
explain loss of muscle function in aging and in the
development of frailty. The aim of this work was to
explain the mechanism by which mitochondriogenesis
is decreased in aging and to determine to which extent
it may be prevented by exercise training. We used
aged rats and compared them with peroxisome
proliferator-activated receptor-γ coactivator-1α deleted
mice (PGC-1α KO). PGC-1α KO mice showed a
significant decrease in the mitochondriogenic path-
way in muscle. In aged rats, we found a loss of
exercise-induced expression of PGC-1α, nuclear
respiratory factor-1 (NRF-1), and of cytochrome
C. Thus muscle mitochondriogenesis, which is
activated by exercise training in young animals, is
not in aged or PGC-1α KO ones. Other stimuli to
increase PGC-1α synthesis apart from exercise
training, namely cold induction or thyroid hormone
treatment, were effective in young rats but not in
aged ones. To sum up, the low mitochondrial
biogenesis associated with aging may be due to
the lack of response of PGC-1α to different stimuli.
Aged rats behave as PGC-1α KO mice. Results
reported here highlight the role of PGC-1α in the
loss of mitochondriogenesis associated with aging
and point to this important transcriptional coactiva-
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Introduction
Recent advances in medical care as well as in basic
gerontology have led to a significant increase in
longevity of populations (life span). However, the
remarkable increase in life span has also led to an
important increase in frailty and dependency (Gill et al.
2002). It is clear now that we must aim at increasing
health span. Muscle aging is a key component of the
increase in frailty in human and animal populations
(Vanitallie 2003). Physical exercise is an obvious anti-
aging mechanism and it is intended to serve as a
prevention of cardiovascular aging but also as a
prevention of sarcopenia as well as loss in muscle
functionality (Fiatarone et al. 1994).
Early work by Miquel et al. proposed that loss of
mitochondriogenesis was critical in the fundamental
process of aging (Miquel et al. 1980; Miquel 1992).
Later, in the 1990s, we reported that mitochondrial
damage is an early event in cellular aging (Sastre et
al. 1996). This was independently confirmed by the
group of Bruce Ames (Hagen et al. 1997). In 2003, it
was shown in skeletal muscle that age causes a
decrease in ATP content and production by approx-
imately 50% in isolated rat mitochondria (Drew et al.
2003). Since the promotion of mitochondriogenesis is
critical to prevent aging, an obvious approach was to
try and enhance it by physical exercise (Holloszy and
Booth 1976; Davies et al. 1982). Researches have
identified the peroxisome proliferator-activated
receptor-γ coactivator-1α (PGC-1α) as the master
regulator of mitochondriogenesis in mammalian tis-
sues (Puigserver and Spiegelman 2003; Wu et al.
1999; Puigserver et al. 1998). In vivo and in vitro
studies have shown that PGC-1α levels stimulate
mitochondrial proliferation in skeletal muscle (Hood
et al. 2006). Increased PGC-1α levels in skeletal
muscle by using transgenic MCK-PGC-1α mice
(PGC-1α driven by a muscle creatine kinase promoter),
prevents muscle wasting by reducing apoptosis,
autophagy, and proteasome degradation (Wenz et
al. 2009). Moreover, in a recent study by Henriette
Pilegaard’s group, it has been shown that PGC-1α is
required for the beneficial effects of moderate
exercise training at advanced age to maintain
mitochondrial metabolic and antioxidant capacity
(Leick et al. 2010). These studies suggest that the
modulation of PGC-1α levels in skeletal muscle
present an avenue for the prevention and treatment of
age-related disorders.
The aim of our work was to explain the mechanism
by which mitochondriogenesis is decreased in aging
and to determine to which extent it may be prevented
by exercise training. As endurance training is known
to upregulate PGC-1α expression in young skeletal
muscle (Gomez-Cabrera et al. 2008a), modulation of
PGC-1α levels by endurance training in aged skeletal
muscle may be a very effective strategy for the
prevention and treatment of sarcopenia. For our
purpose, we used aged rats and compared them with
PGC-1α knockout (KO) mice.
Our results show that muscle from old rats present
a marked loss in mitochondriogenesis and that this
may be due to a lack of induction of PGC-1α
(Puigserver et al. 1998). We find a striking similarity
between the response to exercise training in PGC-1α
KO mice and in old rats. In young rats, PGC-1α is
activated in skeletal muscle not only by training but
also by cold exposure or triiodothyronine (T3). We
report here that there is an age-associated lack of
expression of PGC-1α in response to exercise training
or to any of the other stimuli tested in rat skeletal
muscle.
Material and methods
Rats For the exercise training experiments, 24 male
Wistar rats were randomly divided into four experi-
mental groups: young untrained (n=6), young trained
(n=6), aged untrained (n=6), and aged trained (n=6).
For the cold induction experiments, 16 male Wistar
rats were randomly divided into four experimental
groups: young control (n=4), young exposed to cold
(n=4), aged control (n=4), and aged exposed to cold
(n=4). For the thyroid hormone experiments, 16 male
Wistar rats were randomly divided into four experi-
mental groups: young control (n=4), young treated
with T3 (n=4), aged control (n=4), and aged treated
with T3 (n=4). In all the experimental models, the
aged animals were 24 months old and the young ones
were 3 months old. We chose 24-month-old rats
because previous studies have reported that sarcopenia
is evident at this age in this species (Hopp 1993).
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Mice The generation and phenotype of PGC-1α
KO mice have been described previously (Lin et
al. 2004). The genotype of the offspring was
assessed by determining the presence of either a
wild type (WT)- or KO-specific DNA fragment
after extraction of DNA from a tail piece by the
phenol-chloroform/isoamyl method, amplification
of fragments by PCR using specific primers and
separation on an agarose gel. Analysis of the PGC-
1α expression revealed that its mRNAwas absent in
the skeletal muscle of the PGC-1α KO mice. We
also wanted to check the PGC-1α protein levels in
the skeletal muscle of the KO mice. For this
purpose and in order to prevent unspecific cross-
reactivity of PGC-1α antibody in the PGC-1α KO
mice, we immunoprecipitated the samples of the
KO and WT animals (Fig. 1a). Immunoprecipitation
was performed with Dynabeads protein A (Invitrogen)
according to the manufacturer’s instructions. The
incubation of the antibody (anti-PGC-1, Cayman)
with the beads and the incubation of the extract
with antibody cross-linked to the beads were both
carried out overnight. The PGC-1 IP fractions were
then analyzed by Western Blotting. The band of
PGC-1α (~92 KDa) was clearly present in the
skeletal muscle of the wild-type animals and was
absent in the skeletal muscle of the PGC-1α KO
mice. Although a faint band was present with a
molecular weight over 100 KDa in the PGC-1α KO
muscles, taking into account its molecular weight,
we do not consider that this band represents PGC-
1α. PGC-1β is a very close homolog of PGC-1α
and shares extensive sequence identity (Lin et al.
2002). In addition to their similarities, PGC-1α and
PGC-1β share common protein binding partners and
the regulation of certain gene programs in skeletal
muscle (Handschin et al. 2007). This is why we
consider that this band could be PGC-1β. However
and to further test the effect of PGC-1α deletion on
muscle structure, we performed an electron micros-
copy analysis of soleus muscle from WT and PGC-
1α KO animals. Soleus muscle was dissected and
fixed overnight in 2% glutaraldehyde, 1% parafor-
maldehyde, and 0.08% sodium cacodylate buffer.
The tissues were post-fixed in 1% osmium tetroxide,
dehydrated in graded ethanol, embedded in Poly Bed
plastic resin, and sectioned for electron microscopy.
Electron microscopic analysis revealed fewer and
smaller mitochondria in soleus muscle of PGC-1α
KO mice compared to sex- and age-matched WT
ones (see Fig. 2).
Twenty-seven male mice (14 wild-type and 13
PGC-1α KO) were randomly divided into four
experimental groups: WT untrained (n=6), WT
trained (n=8), KO untrained (n=7), and KO trained
(n=6). The animals were kindly provided from the
Centro Nacional de Investigaciones Cardiovascu-
lares Carlos III (Madrid. Spain). The animals were
5–6 months old at the beginning of the experimental
protocol.
All animals were fed an ad libitum laboratory diet
(Global diet 2,014 l; Harlan Teklad, Madison, WI,
USA) and were maintained at 23°C under a light/dark
cycle of 12/12 h. The experimental protocol was
approved by the Committee on Ethics in Research of
the Faculty of Medicine of the University of Valencia,
Spain.
Training protocols Endurance-trained young and
aged rats were exercised 5 day/week on an animal
treadmill (Model 1050 LS Exer3/6; Columbus Instru-
ments, Columbus, OH, USA) at a relative intensity of
75% VO2max. The treadmill grade and velocity for
each experimental group were chosen based on
previous studies performed in young and aged rats
(Powers et al. 1994; Lawler et al. 1993; Patch and
Brooks 1980). During all the experiments, the grade
of the treadmill corresponded to 15% for young rats
and 5% for aged rats. We followed a modification of
the protocol of Davies et al. (1981). The young
animals were required to run, the first training
session, for 25 min at a speed of 26.8 m×min−1.
The old animals were required to run, the first training
session, at a speed of 15 m×min−1 for 15 min. The
duration an intensity of each work period was
increased progressively. The last day of the training
week 3, young animals were running for 1 h at a
speed of 30 m×min−1 and the aged ones were running
for 45 min at a speed of 18 m×min−1. It has been
shown that young untrained rats require approximate-
ly 75% of their VO2max to run at 26.8 m×min
−1 (15%
grade) on a treadmill (Patch and Brooks 1980)
(Davies et al. 1981). Aged untrained animals require
approximately 75% of their VO2max to run at 15 m×
min−1 (5% grade) on a treadmill (Lawler et al. 1993).
Exercise motivation was provided for all rodents by
means of an electronic shock grid at the treadmill rear.
However, the electric shock was used sparingly
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Fig. 1 Exercise-induced activation of the mitochondrial bio-
genesis pathway in skeletal muscle. Western blotting analysis to
detect PGC-1α (a and d), NRF-1 (b and e), and cytochrome C
(c and f) in PGC-1α KO mice and aged rats. Twenty-seven
male mice were randomly divided into four experimental
groups: WT untrained (n=6), WT trained (n=8), KO untrained
(n=7), and KO trained (n=6). Twenty-four male Wistar rats
were randomly divided into four experimental groups: young
untrained (n=6), young trained (n=6), aged untrained (n=6),
and aged trained (n=6). Representative blots are shown. For the
densitometric analysis of the results, values are shown as mean
(±SD).The content of α-actin, a housekeeping protein marker in
skeletal muscle, was determined in all the experimental groups
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during training and during the endurance capacity
test. The untrained groups were exercised at the same
speeds for only 10 min every 3 days for the entire 3-
week period. Endurance capacity was assessed, before
and after the training period, during a run to
exhaustion at 26.8 m×min−1 at a grade of 15% for
young rats and at 15 m×min−1 at a grade of 5% for
aged rats (Davies et al. 1982; see Table 1a).
PGC-1α KO and WT male mice were randomly
allocated to either a training group or a control group.
The training groups completed 4 weeks of treadmill
exercise training five times per week and progres-
sively increased until 60 min at 20 m×min−1 (10%
slope) at the end of the second week. Endurance
capacity was assessed, before and after the training
period, during a run to exhaustion at 20 m×min−1 at a
grade of 10% (sees Table 1b). After the tests, the
animals were given 48 h of complete rest before being
sacrificed.
Cold exposure protocol After an acclimatization
period (1 week), young and aged Wistar male rats
were randomly divided into two groups: cold-exposed
animals (4±1°C for 24 h) and control animals (24±1°C;
Puigserver et al. 1998). Skeletal muscles were removed
immediately after the end of the cold exposure.
T3 treatment Young and aged Wistar male rats
were injected intraperitoneally one dose with
either T3 (0.4 mg × kg−1) or vehicle (0.9% NaCl-
propylene glycol; 40:60 vol/vol). Skeletal muscles
were removed 6 h after the injections (Irrcher et al.
2003). Gastrocnemius and soleus muscles were
removed quickly, freeze-clamped immediately, and
stored at −80°C. All the animals were sacrificed by
an overdose of sodium pentobarbital.
SDS-PAGE and Western Blotting Aliquots of muscle
lysates (Ji et al. 2004) were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. The
whole gastrocnemius was used to ensure homogeneity.
Proteins were then transferred to nitrocellulose mem-
branes, which were incubated overnight at 4°C with
appropriate primary antibodies: anti-PGC-1 (1:1,000,
Cayman), anti-NRF-1 (1:200, Santa Cruz Biotechnology
Inc.), anti-cytochrome C (1:1,000, Santa Cruz Biotech-
nology Inc.) and anti-α-actin (1:700, Sigma Aldrich).
Thereafter, membranes were incubated with a secondary
antibody for 1 h at room temperature. Specific proteins
were visualized by using the enhanced chemilumines-
cence procedure as specified by the manufacturer
(Amersham Biosciences, Piscataway, NJ, USA). Auto-
radiographic signals were assessed by using a scanning
densitometer (BioRad, Hercules, CA, USA).
Protein carbonylation Oxidative modification of total
proteins was assessed by immunoblot detection of
protein carbonyl groups using the “OxyBlot” protein
oxidation kit (Intergen) as previously described
(Romagnoli et al. 2010).
Statistics Results are expressed as mean±SD. Nor-
mality of distribution was checked with the Kolmo-
gorov test and homogeneity of variance was tested by
Levene’s statistics. For endurance capacity, a repeated
measures two-factor analysis of variance was per-
formed. Repeated measures were performed for training
(before training compared with after training); the second
factor was the status of animals (control or trained). The
Fig. 2 Electron microscopy analysis of soleus muscle from
WT and PGC-1α KO animals. Smaller mitochondria were
found in the muscle of PGC-1α KO mice compared to sex- and
age-matched WT
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main effect of training was tested with Newmann–Keuls
post hoc test. For Western Blot analysis, we used a two-
way analysis of variance and Bonferroni’s post hoc test
(Sigma Stats, version 3.11). Results were considered
statistically significant for p<0.05.
Results
Effect of aging or PGC-1α deletion on endurance
response to training Running time to exhaustion
during an endurance capacity test was approximately
63% lower in aged than in young rats (Table 1a).
Similarly, running time to exhaustion was ~65–70%
lower in the PGC-1α KO mice than in WT animals
(Table 1b). These results are in accordance with
previous studies demonstrating that endurance capac-
ity was lower in PGC-1α KO animals than in WT
(Leick et al. 2008). Table 1a also shows that the
intensity and duration of the training regimen fol-
lowed by young and aged rats was enough to induce a
significant improvement in maximal endurance ca-
pacity (~200% and ~135%, respectively). Similarly,
the training protocol induced an increase in the
endurance capacity both in WT and PGC-1α KO mice
(~284% and ~173%, respectively; Table 1b). It cannot
be ruled out that the differences found on the
endurance capacity test, between the young and old
rats, may be explained by the different durations of the
exercise training protocols, although this is unlikely.
Both groups improved their endurance capacity fol-
lowing a similar exercise intensity training protocol
(~75% of their VO2max). The different durations of the
training periods might explain, in part, some of our
results (see “Material and methods” section).
Muscle mitochondriogenesis in PGC-1α KO and
aged animals Figure 1 shows that muscle mitochon-
driogenesis is considerably impaired in PGC-1α-
deficient mice. Figure 1a show that training caused
an increase in PGC-1α content in WT mice. As
expected, we did not find any PGC-1α protein levels
in sedentary or in trained PGC-1α KO animals.
Although the band corresponding to the PGC-1α
protein was absent in our KO mice (92 kDa), a faint
band, which is likely to be PGC-1β, appeared in the
Western Blotting over 100 kDa (see “Material and
methods” section).
Figure 1b shows that training increased nuclear
respiratory factor-1 (NRF-1), a critical intermediate
of the mitochondriogenic pathway in WT animals
but not in PGC-1α KO ones. It is also shown that
sedentary PGC-1α KO animals have considerably
Table 1 Training-induced improvement in maximal endurance time in PGC-1α KO and aged rats
Untrained Trained Untrained Trained
Endurance capacity (min)a Young rats Aged rats
Before 36.8±4.6 42.0±12.1 13.2±4.8 14.7±5.8
After 3 weeks 38.5±4.0 115.7±18.2*, ** 19.7±7.5 46.3±6.5*, **
Endurance capacity (min)b Wild-type mice PGC-1α KO mice
Before 37.0±24.5 39.3±26.2 12.0±6.9 13.2±8.8
After 4 weeks 41.3±27.8 158.8±53.3***, ****,***** 21.2±3.6 58.0±16.4***, ****
aMeans (±SD) results of maximal endurance time before and after endurance training in young and aged rats. Twenty-four male
Wistar rats were randomly divided into four experimental groups: young untrained (n=6), young trained (n=6), aged untrained (n=6),
and aged trained (n=6)
bMeans (±SD) results of maximal endurance time before and after endurance training in WT and PGC-1α KO mice. Twenty-seven
male mice were randomly divided into four experimental groups: WT untrained (n=6), WT trained (n=8), KO untrained (n=7), and
KO trained (n=6)
*p<0.05 when compared to values before training
**p<0.05 when compared to untrained groups
***p<0.05 when compared to values before training
****p<0.05 when compared to the untrained group
*****p<0.05 when compared to the KO trained mice
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less NRF-1 than controls. Mitochondrial content
can be measured directly, using morphometric
estimates of organelle volume in relation to total
cellular volume. More commonly, it is estimated by
the change in maximal activity, measured under
optimal conditions in vitro, of a typical “marker
enzyme” such as citrate synthase, or by the change
in content of a single protein-like cytochrome C
(Hood 2001; Terjung 1979). Several authors have
used cytochrome C content as a marker of mito-
chondrial mass (Hood et al. 2006; Leick et al. 2008,
2010) and this is the methodology that we have
followed in the present work. Training caused an
increase in cytochrome C content in WT but not in
PGC-1α KO mice. Cytochrome C content in PGC-1α
KO animals was also lower than in WT (Fig. 1c). To
sum up, deficiency in PGC-1α resulted in a
hampered mitochondriogenic responsiveness to ex-
ercise training. In aged rats, we found very similar
results, i.e., a loss of exercise-induced increase in
the protein levels of PGC-1α, NRF-1 and cyto-
chrome C (Fig. 1d–f). The main idea reported here is
that old age resembles PGC-1α deficiency in terms
of lack of responsiveness to training. Indeed, young
animals showed an increase in the protein levels of
PGC-1α after training which did not occur in aged
ones (Fig. 1d). In Fig. 1e, we show that NRF-1
content was increased in muscle of young rats after
training. This effect was lost when we studied aged
animals. Finally, Fig. 1f shows that training increased
cytochrome C content in muscle of young rats but
again this effect was also lost in aged rats.
Oxidative stress and training in aged animals and
PGC-1α KO As apparent in Fig. 1, many of the
adaptations of the skeletal muscle to exercise training
in aging are similar to those found in PGC-1α KO
animals. Thus, we measured the effect of exercise
training on skeletal muscle protein oxidation status in
young and aged animals and in WT and PGC-1α KO
animals. In Fig. 3, we show protein oxidation in PGC-
1α KO (Fig. 3a) and in aged animals (Fig. 3b). PGC-
1α KO animals show an increase in resting protein
oxidation (Fig. 3a). The same happens in aged animals
(Fig. 3b). No effects of training were found in any
experimental group.
Lack of activation of PGC-1α by cold exposure or by
thyroid hormone treatment in the aged animal The
experiments reported above showing that the muscle
of aged animals did not upregulate the expression of
PGC-1α in response to exercise training, led us to
think that aging could result in a lack of responsive-
ness of PGC-1α to other physiological stimuli. Two
of the key stimulators of PGC-1α are thyroid
hormones (Irrcher et al. 2003) and cold exposure
(Puigserver et al. 1998). Figure 4a shows that young
animals, when exposed to cold, upregulated the
Fig. 3 Muscle protein oxidation in untrained and trained
animals. Western blotting analysis to detect carbonylated
proteins (MW: 37 kDa). Representative experiments are shown.
For the densitometric analysis of the results values are shown as
mean (±SD) of a WT untrained (n=6), WT trained (n=8),
PGC-1α KO untrained (n=7), and PGC-1α KO-trained animals
(n=6); b young untrained (n=6), young trained (n=6), aged
untrained (n=6), and aged-trained animals (n=6)
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expression of PGC-1α threefold but aged animals did
not. The same happens with triiodothyronine (T3;
Fig. 4b).
Discussion
Themajor idea in this paper is that aging causes a lack of
response of PGC-1α to various stimuli, the most
important being exercise training (see Fig. 1), but also
to cold exposure or thyroid hormone treatment (see
Fig. 4).
The role of mitochondria as key generator of
oxidative stress and also target of the damage
associated with reactive oxygen species (ROS) pro-
duction was postulated by Miquel in the 1970s
(Johnson et al. 1975). Independent work from our
laboratory (Sastre et al. 1996) and that from Bruce
Ames’ (Hagen et al. 1997) using both metabolic and
flow cytometric approaches provided such evidence.
We showed that mitochondria are damaged within
cells instead of being frail and damaged during the
isolation procedure. A functional muscle that has not
lost the capacity to synthesize healthy mitochondria is
an important contributor to the prevention of frailty, a
major problem in medicine, particularly in geriatrics
(Fiatarone et al. 1994; Gill et al. 2010). Thus,
understanding the molecular mechanisms of mito-
chondriogenesis in aging has both theoretical and
practical importance. It has been reported that the
mitochondrial function is adapted in response to
calorie restriction and this adaptation is critically
involved in lifespan extension (Anderson et al.
2008). Calorie restriction has been shown to activate
PGC-1α (Nisoli et al. 2005; Anderson et al. 2008;
Anderson and Weindruch 2009) and it may be an
effective strategy in delaying aging-induced cellular
phenotypes in skeletal muscle (McKiernan et al.
2010). PGC-1α is critical for the adaptation of muscle
mitochondriogenesis to exercise which activates the
expression of NRF-1 which in turn, activates TFAM,
a factor required for the duplication of mitochondrial
DNA (Hood 2001). This led us to think that
mitochondriogenesis might be impaired in aging
because of the impaired response of PGC-1α in old
animals when compared with young ones. To under-
stand the role of the redox-sensitive PGC-1α in the
regulation of mitochondriogenesis in muscle, we used
animals which were KO for PGC-1α.
We found a striking similarity in the molecular
response of exercise in the mitochondriogenic pathway
in mice which are deleted of PGC-1α and in the old rats.
The whole pathway involving PGC-1α→NRF-1 and
finally cytochrome C (an indicator of mitochondrial
mass) responded positively to exercise training in young
rats, but failed to do so in old ones. This was precisely
the same behavior as that in PGC-1α-deleted mice.
It could be argued that the intensity of the exercise
training was not enough to onset the mitochondrial
biogenesis in PGC-1αKOmice or in old rats. However,
Table 1 shows that the intensity and duration of the
training regimen followed by our animals was enough
Fig. 4 PGC-1α protein levels in skeletal muscle of animals
exposed to cold (4±1°C) or treated with triiodothyronine
(0.4 mg × kg−1). Representative experiments are shown. For
the densitometric analysis of the results values are shown as
mean (±SD) of a young control (n=4), young exposed to cold
(n=4), aged control (n=4), and aged-exposed to cold (n=4); b
young control (n=4), young treated with T3 (n=4), aged control
(n=4), aged treated with T3 (n=4). The content of α-actin, a
housekeeping protein marker in skeletal muscle, was determined
in all the experimental groups
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to induce a significant improvement in maximal
endurance capacity.
PGC-1α protects against skeletal muscle atrophy
(Sandri et al. 2006) and very recently it has been shown
to be required for training-induced prevention of age
associated decline in mitochondria (Leick et al. 2010).
Moreover, relevance of PGC-1α in sarcopenia and
metabolic diseases during aging has been also suggested
(Wenz et al. 2009). Transgenic MCK-PGC-1α animals
have preserved mitochondrial function, neuromuscular
junctions, and muscle integrity during aging. Moreover,
increased PGC-1α levels in skeletal muscle prevent
muscle wasting by reducing apoptosis, autophagy, and
proteasome degradation (Wenz et al. 2009).
Our studies in exercise adaptations to aging, as
stated above, led us to the conclusion that PGC-1α
was not responding to exercise training in old
animals. We suspected that PGC-1α might not be
induced by any kind of stimulus in old animals. To
test this hypothesis, we used two well-known stimuli
of PGC-1α in young and old rats, namely thyroid
hormone stimulation and cold acclimation (Irrcher et
al. 2003; Puigserver et al. 1998). Figure 4 shows that
both T3 treatment or cold acclimatization caused a
very pronounced activation of PGC-1α in young
animals. However, there was a striking lack of
activation of PGC-1α by any of the stimuli tested
when we were using old animals.
It has been reported that the health benefits of
chronic exercise may be, at least partially, due to a
reduction in mitochondrial oxidant production (Judge
et al. 2005). These data question the very well-
established idea that exercise generates free radicals.
This was first established by the group of Packer
(Davies et al. 1982) who showed that ROS are
generated during muscle contraction. In that seminal
paper, the authors already postulated that the exercise-
induced mitochondriogenesis might be stimulated by
ROS (Davies et al. 1982). We provided the first clear-
cut evidence that exercise generates oxidative stress
only when it is exhaustive (Sastre et al. 1992; Gomez-
Cabrera et al. 2003). However, physical exercise can
be considered as a double edge sword: when practiced
strenuously it causes oxidative stress and cell damage
but when practiced with moderation, it increases the
expression of antioxidant enzymes and thus should be
considered as an antioxidant (Gomez-Cabrera et al.
2008b). Here, we have measured the effect of exercise
training on skeletal muscle protein oxidation status in
young and aged rats and in WT and PGC-1α KO mice.
We have found that skeletal muscle from aged and KO
PGC-1α animals exhibit oxidative stress, i.e., an
increase in protein carbonylation, in resting conditions.
The protein oxidation was not significantly increased
after training in any experimental group which is in
accordance with our idea that exercise training does not
increase oxidative stress (Gomez-Cabrera et al. 2008b).
Previous work from our laboratory as well as from
others has demonstrated that interfering with free
radical production with antioxidants may hamper
mitochondriogenic activation by exercise (Gomez-
Cabrera et al. 2008a; Strobel et al. 2010; Ristow et
al. 2009). In the case of aging, we outline a different
scenario. Our data show that there are chronic high
levels of ROS in the skeletal muscle of old and PGC-
1α KO animals. We consider that under these circum-
stances, the response to exercise of the redox-sensitive
cell signaling pathways may be hampered. However,
this hypothesis needs to be confirmed in future
investigations.
PGC-1α is currently identified as a new therapeu-
tic target for treatment of age-related mitochondrial
dysfunction in skeletal muscle, and more generally for
sarcopenia (Sandri et al. 2006). Moreover, recently, an
interesting paper has underpinned the critical role of
PGC-1α to link nuclear and mitcochondrial changes in
aging (Kelly 2011). Our study highlights the impor-
tance of maintaining a normal PGC-1α responsiveness
(which we show here is lost in aging) to maintain
normal muscle function, and certainly this problem
deserves more research. A schematic interpretation of
our results is in Fig. 5.
Fig. 5 PGC-1α is not functional in the aged skeletal muscle
and it can be involved in the decrease in mitochondrial
biogenesis during aging. Proposed mechanism
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